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THE PAPILIONACEOUS ALKALOIDS 


By LEo MARION AND NELSON J. LEONARD 


Abstract 


ponding derivatives. 


I 


comparison. 


decomposition) and platinichloride (darkening point 235°C.). 


1 Manuscript received December 12, 1950. 
Contribution from the Division of Chemistry, National Research Council, Ottawa, Canada. 
Issued as N.R.C. No. 2350. 


XI. IDENTITY OF GENISTEINE WITH [-a-ISOSPARTEINE! 


Genisteine has been shown to be identical with /-a-isosparteine by means of a 
direct comparison of the physical properties of the alkaloids and their corres- 


The analytical data upon which the formula, CisHesNo, for the lupin alkaloid 
genisteine, from Cytisus scoparius L. (3, 4), was assigned are neither very 
satisfactory nor extensive. Also, the properties of genisteine and /-a-isospar- 
teine, CisHosNe (1) (5), and their respective derivatives show many striking 


similarities. These facts strongly suggested the probable identity of genisteine 
with /-a-isosparteine, and we have been able to establish this identity by direct 


Valeur (3) reported no analyses for genisteine but showed the absence of an 
N-methyl group. The molecular formula assigned to genisteine, CisH2sN2, was 
based upon two sets of analytical figures in the work of Winterfeld and Nitzsche 
(4). The figures reported for loss of water from genisteine hydrate, m.p. 117°C., 
are satisfactory for either CigH2sN2 or CysHosNe (found: H.O, 6.90, 6.81%; 
cale. for wHosN 2 HO: H.O, 6.77%; calc. for CisHoeN H.O: 7.13%), while 

’ those reported for the water-free, freshly distilled base are satisfactory for 
neither C 16H ogN 2 nor isH 2 (found: 71.20; 13.77%; calc. for CieHosgN2: 
C, 77.42; H, 11.42%; cale. for CisHosN2: C, 76.86; H, 11.18%). The work of 
Winterfeld and Nitzsche confirmed the specific rotation of genisteine hydrate 
(la]p —52.3° in ethanol) and the melting point of genisteine picrate (215°C.) 
given by Valeur, who also described genisteine aurichloride (m.p. 188°C., with 
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The ready formation of a solid monohydrate by genisteine was reminiscent 
of the behavior of /-a-isosparteine (2, 5), and the specific rotation of genisteine 
hydrate was close to that observed (2) for /-a-isosparteine monohydrate 
({a]’ —55.8° in methanol). The melting point of genisteine picrate was likewise 
similar to that recorded (2) for /-a-isosparteine dipicrate (221°C., with decom- 
position). These points of similarity were strongly suggestive, and added indi- 
cation of the identity of genisteine with /-a-isosparteine was found in the pre- 
paration of the previously unreported aurichloride (m.p. 193.5-194.5°C.) and 
platinichloride (m.p. 271-273°C., with decomposition) derivatives of /-a- 
isosparteine. 


Final confirmation of the identity was possible when an authentic sample 
of genisteine became available for direct comparison with /-a-isosparteine. The 
melting points of genisteine hydrate and /-a-isosparteine hydrate were found 
to be identical and undepressed on admixture. The infrared absorption spectra 
of the two hydrates were also found to be identical.*? The melting points of the 
diperchlorate, dipicrate, aurichloride, and platinichloride of genisteine were 
identical with the corresponding derivatives of /-a-isosparteine, and in each 
case admixture caused no depression. Thus, there is no doubt that genisteine 
and /-a-isosparteine are one and the same alkaloid. The latter name is favored 
for the designation of the alkaloid since it indicates the isomeric relation with 
the more common lupin alkaloid sparteine (2). 


Experimental’ 


Genisteine 

A sample of genisteine (+) was kindly supplied to us by Prof. Karl Winterfeld. 
The base was sublimed in vacuo (50-60°C. at 0.2 mm.) and recrystallized from 
66% ethanol from which the hydrate separated as colorless elongated plates, 
m.p. 96-117°C. The melting point was undepressed by admixture with /-a- 
isosparteine hydrate. [a]j'—58.0° (c, 1.775 in methanol). /-a-Isosparteine hydrate 
has [a]j)-55.8° (c, 7.216 in methanol (2). Found: C, 71.55; H, 11.14; N, 11.29%. 
Calc. for CysHosN 2: C, 71.38; H, 11.18; N, 11.10%. The infrared absorp- 
tion curves of the two hydrates were superposable (see Curve 4, Fig. 2, in 
reference (2)). 


Genisteine diperchlorate 

A small quantity of genisteine hydrate was dissolved in methanol and the 
solution made just acid to Congo red by the addition of three drops of 65% 
perchloric acid. The resulting solution was diluted with ether to incipient tur- 
bidity and was cooled in the refrigerator. The salt crystallized in arborescent 
aggregates, m.p. 252-255°C. (uncorr.) either alone or in admixture with 
l-a-isosparteine diperchlorate (1). 

*Both spectra, as determined in chloroform solution, are expressed by Curve 4, Fig. 2, in reference 
2. The authors are indebted to Miss Elizabeth M. Petersen for determination of the infrared 


absorption spectra under conditions identical with those previously employed (2). 
3A4ll melting points are corrected unless otherwise indicated. 
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Genisteine dipicrate 


Genisteine hydrate (12.2 mgm.) was dissolved in ethanol (2 cc.) and added 
to a solution of picric acid (22.2 mgm.) in ethanol (2 cc.), 0.2 cc. of ethanol 
being used to rinse the flask. The mixture was heated on the steam bath, al- 
lowed to cool, and kept in the refrigerator for a few hours. The picrate was 
recrystallized from ethanol—-water from which it separated as small, yellow 
prisms, m.p. 222°C., either alone or after admixture with /-a-isosparteine 


‘dipicrate (1, 2). 


Gentsteine aurichloride 


The collected mother liquors from which the diperchlorate and the dipicrate 
had crystallized were combined, evaporated to dryness, and the residue was 
dissolved in water. Hydrochloric acid was added and the solution was extracted 
with ether to remove the liberated picric acid. The aqueous solution was subse- 
quently alkalized with sodium hydroxide and extracted repeatedly with ether. 
The combined ethereal extract was dried over sodium hydroxide pellets and 
evaporated to dryness. On standing, the residue crystallized. 


About half of this recovered genisteine hydrate was dissolved in ethanol 
(1 ce.) and to the solution were added three drops of concentrated hydrochloric 
acid and five drops of a 5% gold chloride solution. The salt separated imme- 


diately but redissolved on heating. After 10 min. on the steam bath, the solu-. 


tion was allowed to cool and the crystalline aurichloride that separated was 
recrystallized from 1 cc. of ethanol containing two drops of concentrated hydro- 
chloric acid. It consisted of yellow elongated prisms, m.p. 199°C. (dec.). In 
admixture with a sample of /-a-isosparteine aurichloride (m.p. 193.5—194.5°C.) 
it melted at 198.5°C. (dec.). 


Genisteine platinichloride 


The remainder of the recovered genisteine hydrate was dissolved in ethanol 


(2 cc.) and three drops of concentrated hydrochloric acid were added together 
with platinic chloride (15 mgm.), and the mixture was heated on the steam 
bath for 30 min. The platinichloride separated as orange colored needles. It 
was filtered and boiled with ethanol (3 cc.) containing four drops of hydro- 
chloric acid. The salt did not dissolve and was filtered. It melted at 276-278° 


_ (dec.) and in admixture with a sample of /-a-isosparteine platinichloride (m.p. 


271-273°C.) melted at 273.5-275.5°C. (dec.). 
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HYDROGEN OVERVOLTAGE AND POTENTIAL BUILD-UP 
AT COPPER CATHODES! 


By A. K. WIEBE, W. GAvvIN, AND C. A. WINKLER 


Abstract 


A given current (e.g., 10-! amp.) results generally in a nonlinear hydrogen 
overvoltage — time relation at a copper cathode immersed in N/5 sulphuric acid. 
After a steady state value of the potential is reached, which may require several 
minutes, breaking the circuit allows the potential to fall slowly to the zero 
potential value. On again closing the circuit, a current of the same order as 
before causes, in a time of the order of seconds, a linear potential build-up to a 
value equal to the steady state hydrogen overvoltage. Taking the capacitance 
of a uniplanar surface as 20 uf. per cm.?, the rate of the linear potential build-up 
permits estimation of cathode surface areas (Bowden and Rideal method). If 
it is now assumed that the nonlinear increase of hydrogen overvoltage with 
time is accompanied by deposition of a monatomic layer of hydrogen on the 
surface, the area occupied by this layer can be estimated. The area so calculated 
agrees as well as may be expected with that determined by the Bowden-Rideal 
method. It is concluded from these observations that the Bowden-Rideal 
measurement depends on the rate of charging a condenser, as distinct from the 
rate of increase of hydrogen overvoltage, which may be associated with de- 
position of a layer of hydrogen on the cathode surface. Evidence is further pre- 
sented to indicate that the surface is completely covered with the layer of 
hydrogen at the maximum of hydrogen overvoltage, and that the Bowden-Rideal 
method therefore measures the true surface area of the cathode. 


Introduction 


Since it was first observed (20) that the hydrogen overvoltage at many 
cathodes increases with time at constant current, the behavior has been the 
subject of much investigation (2, 3, 6, 10, 12, 13, 17, 19), and has been explained 
in various ways. The main point of interest in such studies is, perhaps, to 
determine whether, at the maximum hydrogen overvoltage, there is a film of 
adsorbed hydrogen on the electrode surface. Study of systems in which the 
polarizing current is reversed between the limits of oxygen and hydrogen 
evolution from the electrode (4, 7, 8, 14, 15) has led to contradictory opinions 
on the matter. Experiments on the photoelectric effect in relation to adsorption 
of gases on the metal surface (15) indicate the soundness of an opinion held by 
others (1, 9) that an adsorbed film of hydrogen is responsible for hydrogen 
overvoltage. In the present paper additional evidence in support of this view 


_is outlined. 


Experimental 


The cathode ray oscillograph unit and Leeds and Northrup type K potentio- 
meter arrangement, used respectively for measurement of potential build-up 
and hydrogen overvoltage, were identical with those described in previous 
papers from this laboratory (16, 18). The electrolytic cell and the experimental 

1 Manuscript received November 29, 1950. 


Contribution from the Physical Chemistry Laboratory, McGill University, Montreal, Que., 
with financial assistance from the National Research Council of Canada. 
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methods were also the same in all essential respects. The hydrogen, water, and 
sulphuric acid were purified as in the earlier studies while the copper sulphate 
was recrystallized three times from redistilled water. 


Results and Discussion 


With a freshly prepared copper cathode in N/5 sulphuric acid, it was pos- 
sible to obtain only a horizontal trace on the oscillograph screen immediately 
after the electrolyzing current was switched on. After the current had passed 
for about half a minute, it was switched off and the voltage measured on the 
potentiometer allowed to fall to a steady value. A slight potential build-up 
trace could then be recorded on the oscillograph. Further passage of current, 
followed by a sufficient time interval for the voltage to fall again to a steady 
value, allowed a second potential build-up trace on the screen to be obtained, 
the slope of which was greater than that of the first trace. With several repe- 
titions of the procedure, the slope of the build-up trace was found to increase 
to a constant value, after which no further influence of current flow was detec- 
table. Similar behavior was observed with several freshly prepared cathodes. 


Further experiments were made in which the rate of increase of hydrogen 
overvoltage on freshly prepared cathodes was followed potentiometrically. 
These revealed that the maximum value corresponded approximately with the 
minimum time of current flow for constant slope of the potential build-up trace 
on the oscillograph screen. The possible significance of this correspondence 


prompted its further investigation in some detail. 


Hydrogen overvoltage — time curves were determined potentiometrically, and 
rates of potential build-up at the maximum hydrogen overvoltage were deter- 
mined with the oscillograph unit, for 62 different copper electrodes. From the 
latter measurements, the areas of the electrodes could be calculated in accor- 
dance with the Bowden—Rideal method. The electrode surfaces were prepared 
in a variety of ways, such as grinding or polishing with emery cloth of different 
grades, grinding with emery powder and water on a glass surface, scraping with 
a knife, electrodeposition, and electroetching. The surface areas obtained, 
determined by the rate of potential build-up, ranged from 32 X planar to 287 
planar, assuming a capacitance value of 20 uf. per cm.’ at a uniplanar surface 
(5, 11). Currents used in determining the rate of potential build-up varied from 
1.05 X 107° amp. to 1.57 X 1074 amp. Measurements with a given electrode 
using different currents in this range gave concordant values for the surface 
area. Hydrogen overvoltage—time relations were established with currents 
ranging from 1.03 X 107° amp. to 1.68 X 10-4 amp., these values being varied 
quite independently of those used in determining the rate of potential build-up 
with the oscillograph unit. 

Typical hydrogen overvoltage — time curves are shown in Fig. 1, from which 


it will be noted that the maximum overvoltage value is reached only after a 
time of the order of minutes with the currents used. In sharp contrast with this 
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Fic. 1. Typical hydrogen overvoltage-time curves at copper cathodes. 


was the behavior of the potential build-up trace on the oscillograph. When the 
maximum overvoltage had been reached, the potential was allowed to fall to 
zero, or very nearly zero, on open circuit, after which the potential build-up 
trace required only a few seconds to reach its maximum value (16), when the 
circuit was again closed. The maximum value of the potential build-up was © 
equal to the maximum hydrogen overvoltage. 


Applying Faraday’s law to determine the amount of hydrogen deposited 
during the time required for the hydrogen overvoltage to reach its maximum 
value, a rough estimate was made of the area that would be covered by a 
“‘close-packed’’ monatomic layer of hydrogen on the cathode. For the calcu- 
lation, the effective cross section of a hydrogen atom was taken as 1.8 X 107* 
cm.”, and the time of current flow as the time for the hydrogen overvoltage to . 
attain 98% of its maximum value. The calculation was made for all 62 elec- 
trodes investigated, and the areas so estimated were compared-with those 
measured according to the Bowden—Rideal method. Typical results are given 
in Table I. 


For 21 of the electrodes, the measured surface area was within about 25% 


of the calculated area for the hydrogen layer; for 47 of the electrodes, the 


agreement was within a factor of 2. Of the other 15 electrodes, four showed a 
disagreement larger than a factor of 3, the worst discrepancy being a factor 
of 6. The disagreement between the measured area of the electrode and the 
area calculated for the hydrogen layer appeared to be quite unrelated to the 
method of preparation of the cathode surface, to the length of any ‘‘induction 
period”’ in the hydrogen overvoltage — time curves, or to the current conditions 
used in either the Bowden—Rideal or hydrogen overvoltage measurements. 
Moreover, there was essentially equal probability of the measured surface area 
being greater or smaller than the area estimated for the hydrogen layer. 
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TABLE I 
Area by rate Area by Deviation based 
of potential hydrogen on the potential Tae 
build-up packing, | build-up method,** 
aa % surface 
X planar cm.? 
233 85.3 117 +37 Ground with 120 mesh emery 
and water on glass 
287 105 164 +56 As above 
239 87.5 64.5 —26 As above 
163 60 210 +252 As above 
105 36.4 36.6 +0.6 Ground on 3/0 polishing 
paper 
82 30 12 —60 Ground on 2/0 emery cloth 
61 22.4 23.7 +5.8 1 amp./ 
m.? 
29.7 10.9 7 —36 As above 
49 18 14.9 -17 Electroetched 
38 13.6. 9 —34 — with No. 2 emery 
clot 


* Approximate electrode area, 0.4 cm? 
** For all 62 electrodes the average value of this deviation was +2%. 


In addition to the copper electrodes that have been examined, similar experi- 
ments have been made with 10 silver electrodes. It probably suffices to state 
that with these, the ratios of the areas calculated for the amount of hydrogen 
deposited at the maximum overvoltage to the areas measured by the Bowden- 
Rideal method lie within the limits 0.7 to 1.7. 


In assessing the significance of the results outlined above, it must be realized 
that experiments of the type made may be subject to several uncertainties, 
none of which can yet be quantitatively evaluated. The most obvious possible 
source of error, perhaps, is the presence of traces of oxygen in the electrolyte 
or traces of oxide on the surface of the cathode prior to its immersion in the 
electrolyte. Both the Bowden—Rideal measurement and the time for attainment 
of maximum hydrogen overvoltage would almost certainly be influenced by the 
presence of such traces of oxygen or oxide. While very considerable precautions 
were taken to avoid error from this source, it is possible that these efforts were 
not completely successful, particularly during the grinding or polishing opera- 
tions involved in preparation of many of the cathodes. Minute traces of impuri- 
ties in the electrolyte might also affect significantly the measurements made 
on electrodeposited surfaces of which several were studied. Again, with several 
of the cathodes which were removed from the cell after surface area measure- 
ments and immediately resurfaced for further studies, retention of hydrogen 
on a portion of the surface could cause error in subsequent measurements. 


Also, any traces of grease on the cathode surface are known to have a pro- 
found effect on the Bowden—Rideal measurement (6) and might well influence 
the hydrogen overvoltage. In spite of precautions to avoid them, such traces 
might inadvertently be introduced during the necessary manipulations. 
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In view of the uncertainties mentioned above, and perhaps others not yet 
recognized, it is probably reasonable to conclude that, with copper and silver 
at least, the surface area measured by the Bowden—Rideal method is essen- 
tially equal to the area of a monatomic film of hydrogen adsorbed on the 
cathode at the maximum hydrogen overvoltage. It is possible that some of the 
larger observed discrepancies between these two areas are greater than the 
experimental error, but it will require very painstaking and time-consuming 
investigation to settle this point. 


Approximate equality of the measured cathode area and the area of an 
adsorbed hydrogen film at the maximum hydrogen overvoltage, as well as the 
observed relation between the potential build-up trace and the hydrogen over- 
voltage — time curve, can be reasonably interpreted. It is necessary only to 
associate the hydrogen overvoltage with the presence of the adsorbed film of 
hydrogen, which in turn acts as the dielectric of a condenser of which the rate 
of charging is given by the rate of potential build-up measured on the oscil- 
lograph. 


Considerable support for regarding the hydrogen overvoltage as a conse- 


. quence of an adsorbed film of hydrogen would seem to be obtained from a 


series of experiments in which the cathode was left immersed in electrolyte for 
relatively long periods between successive measurements of the cathode area. 
No current was passed, but hydrogen gas was bubbled through the electrolyte, 
in the interval between measurements. When the current was again switched 
on, a potential build-up trace to the previous value, slightly convex to the 
x-axis, but of immediate occurrence and high rate, was observed on the oscil- 
lograph even after as much as two hours’ immersion of the cathode. The con- 
dition of the cathode surface must have remained nearly the same after two 
hours in the absence of a depolarizing agent as it was after attainment of the 
maximum hydrogen overvoltage necessary for the first area measurement. 
Had the surface of the electrode returned to a condition comparable with that 
before passage of any current (i.e., before deposition of any hydrogen) thé 
oscillograph trace would have been horizontal. 


Although the experimental results so far presented enable distinction to be 
drawn between the increase of hydrogen overvoltage and the Bowden—Rideal 
rate of potential build-up, and associate the hydrogen overvoltage with an 
adsorbed hydrogen film, they provide no information about the extent of 
surface covered by the hydrogen film. Experiments were therefore made to 
clarify this last point. A copper cathode was prepared with emery cloth, as 
before, and placed in the electrolytic cell. A current of 1.07 X 107° amp. was 
passed until the maximum overvoltage value was reached. The potentiometer 
setting was then increased by 0.02 v. and the current suddently increased to 9.05 
X 10-° amp. By determining the time required for the galvanometer to swing 
past the zero point, an estimate was made of the time required for the potential 
to increase by 0.02 v. A time of 1 sec. was recorded. From the measured capaci- 
tance of 1.0 X 10~° farads, it may be calculated that it would require 0.22 sec. 


| 
j j 
| 
| 
| 
| 
{ 
| 
| 
] i 
| q 
{ 
| q 
} 
| 
| 
| 
ty 


306 CANADIAN JOURNAL OF CHEMISTRY. VOL. 29 


to increase by 0.02 v. the potential across a condenser of this capacity. The 
experiment was repeated with a second cathode, at a higher current level; the 
observed time for 0.02 v. increase in potential was 0.6 sec. and the calculated time 
0.15 sec. The difference between the measured and calculated times is easily ac- 
counted for by the inertia of the galvanometer, together with a small initial 
deflection in a direction opposite to that of the final swing, due probably to a 
transient resulting from unbalance in the circuit. There can be little doubt 
that the increased current served only to increase the charge on a condenser 
already present, and that no further hydrogen deposition occurred to bring 
the potential to the higher value at the higher current. Had further deposition 
of hydrogen been necessary, it may be inferred from previous experiments that 
the time to attain the higher potential would have been of the order of minutes 
with the currents used. 


Two interpretations of the above experiments are possible. It may be assumed 
that the surface of the cathode is only partially covered with hydrogen and 
that the fraction of the surface covered remains constant with different current 
densities. Alternatively, it may be assumed that, in the range of currents used, 
the surface becomes covered with a practically complete layer of hydrogen, the 
extent of which must therefore remain constant when the potential is increased 
at the higher current density. Of the two assumptions, the latter would seem 
to be the more reasonable, since the first implies that there are portions of the 
metal surface on which hydrogen deposition is forbidden, and this seems un- 
likely. It should be noted that the existence of centers of different activities 
on the surface is not denied by assuming that the hydrogen film is virtually 
complete over the surface. On the contrary, the segmented appearance of the 
hydrogen overvoltage—time curves indicates that hydrogen is more readily 
deposited on certain parts of the surface than on others. It is possible that with 
currents very much lower than those used in the present study, differentiation 
of such portions may become possible. It might be anticipated that sudden 
increase of the current to a higher value will then reveal a time required to 
attain a higher potential that is compatible with further deposition of hydrogen. 


If it is accepted that there is a practically complete layer of hydrogen over 
the surface of the cathode at the maximum hydrogen overvoltage, two impor- 
tant conclusions may be drawn: (i) The Bowden—Rideal type of measurement 
gives a reasonable approximation to the true surface area of the cathode. (It 
should be emphasized that this conclusion involves acceptance also of equality 
between the areas calculated from the Bowden—Rideal measurement and the 
calculated area of the hydrogen film on the surface.) (ii) The increase of 
hydrogen overvoltage with current density corresponds to increased charge on 
the condenser of which the hydrogen film probably constitutes the dielectric. 
In view of the fact that the present experiments have been limited to copper 
and silver cathodes, it is probably not justified, however tempting, to attempt 
development of the second conclusion as it bears on existing theories of hydrogen 
overvoltage. Experiments are now in progress to examine other, electrode 
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materials, particularly mercury, with which the true electrode area (uniplanar) 
need not be in doubt. If the suggestions made previously receive confirmation 
in these studies, it might be possible to offer a substantial contribution to the 
problem of hydrogen overvoltage generally. 
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THE SIGNIFICANCE OF THE ‘‘MERCURINIUM ION” 
IN OXYMERCURATION' 


By A. G. BrooK AND GEORGE F WRIGHT 


Abstract 


The complex formed by mercuric nitrate with cyclohexene seems not to 
resemble similar argentous, cuprous, and platinous salt complexes, since it is 
stabilized by nitric acid while they are decomposed by acidic media. Further- 
more, the cyclohexene — mercuric nitrate — nitric acid system is not stable as 
are the others in absence of air but decomposes to yield two equivalents of mer- 
curous salt and one equivalent of formylcyclopentane. One or both of these 
products are presumed to be the material which earlier workers by implication 
defined as 1-hydroxy-2-nitratomercuricylohexane. It has now been found that 
this product could not have been formed under the reaction conditions used by 
these earlier workers. Finally the solubilization of cyclohexene in aqueous 
mercuric nitrate, on which the earlier workers based their concept of an alkene- 
mercurinium ion, does not have its counterpart in the solubilization of cyclo- 
hexene in aqueous mercuric acetate, since the rate of solution in the latter case 
is not faster than the rate of hydroxymercuration. In consequence there is no 
present evidence that such an ion is involved in oxymercuration of alkenes. 


On the basis of their studies of the system: mercuric nitrate — nitric acid -— 
water — cyclohexene, Lucas, Hepner, and Winstein (7) have concluded that a 
mercurinium ion (I) and/or a hydroxymercurinium ion (IJ) is present in this 
system. 


Furthermore they consider these ions are functional in the reaction known as © 
oxymercuration. 


These authors have arrived at this conclusion on the basis of an elaborate 
quantitative phase distribution study in which they made various adjustments 
because of ‘‘secondary reactions’’ that were especially prominent at low acid 
concentrations. They did not evaluate these ‘‘secondary effects’’ qualitatively 
but enumerated them as follows: 


1. Over a period of time the apparent mercury concentration, determined 
by thiocyanate titration, decreased a few per cent per hour at the start and 
some 27% in 13 hr. 


2. Over a period of time the apparent amount of unsaturation is within 
experimental error of the theoretical for about one and one-half hours and then 


1 Manuscript received November 2, 1950, 
Contribution from the Department of Chemistry, University of Toronto, Toronto, Ont. 
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increases at an accelerating rate so that it is some 3% high after three hours 
and some 40% high after 17 hr. The unsaturation was determined by bromide- 
bromate titration as presumptive for cyclohexene. 


3. Acidity increased with time. 


4. After a time a solid separated from the mixture, especially at low acid 
concentrations. They considered that this material was probably 1-hydroxy- 
cyclohexane-2-mercuric salt (IV) which was derived via the mercuriniuth ion 
I or Il. 


Hydroxymercurials of cyclohexane (IV) have recently been prepared by us 
from cyclohexene (3). On the basis of observed second-order kinetics, stereo- 
chemical considerations, and the observation that methoxymercuration is 
faster than hydroxymercuration the ionic intermediate of Lucas, Hepner, and 
Winstein was considered less plausible as a mechanistic explanation than an 
intermediate molecular codrdination complex (III) of cyclohexene with basic 
mercuric acetate. 


In view of this difference of opinion it seemed worthwhile to examine whether 
1-hydroxy-2-nitratomercuricyclohexane (IV, X = NQs;) would be stable in the 
environment where the mercurinium ion is supposed to exist. 


Since easy interchangeability of X in the -HgX substituent is characteristic 


of oxymercurials such as IV, it was unnecessary to prepare 1-hydroxy-2- 


nitratomercuricyclohexane. The known 1-hydroxy-2-acetoxymercuricyclo- 
hexane was added instead to solutions of nitric acid in water. The concen- 
tration range of 0.04-0.55 mole per liter used by Lucas, Hepner, and Winstein 
was examined. After a few minutes the homogeneous solutions were poured 
into aqueous sodium chloride solutions from which the analogous chloro- 
_ mercurial (IV, X = Cl) would be precipitated almost quantitatively (3). In 
every case when nitric acid was present the odor of cyclohexene was apparent, 
thus indicating decomposition of the oxymercurial. The results in Table I show 
that the mercurial could not have been formed in appreciable amqunt under 
these reaction conditions. 


Thus hydroxymercuration with mercuric nitrate is not a significant reaction 
in water. However, it is interesting to note that methoxymercuration of cyclo- 
hexene may be accomplished with mercuric nitrate in methanol to give an 80% 
yield of 1-methoxy-2-chloromercuricyclohexane after the initial product is 
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TABLE I 


SOLUTION OF 1-HYDROXY-2-ACETOXYMERCURICYCLOHEXANE 
(0.09 MOLE PER LITER) IN DILUTE NITRIC ACID AFTER 10 MIN. 


Yield of IV 
Expt. Conc. X =Cl 

No. HNO; 

mole /liter gm. % 

1 None 0.29 97 

2 0.079 0.02 7 

s 0.159 0.01 3 

+ 0.159 0 0 

5 0.248 0 0 

6 0.397 0 0 


* 0.095 mole per liter of sodium nitrate added. 


treated with aqueous sodium chloride. Evidently the lesser activity of nitric 
acid in the alcoholic reaction medium, as contrasted to the activity in water, 
is responsible. 


Since it is evident from these experiments that the solid observed by Lucas, 
Hepner, and Winstein could not have been an oxymercurial of type IV (X = 
NOs) we carried out experiments approximating their reaction conditions at 
concentrations shown in Table II in order to examine this solid. 

TABLE II 


MOLAR CONCENTRATIONS YIELDING MERCUROUS SALT IN ONE HOUR 


Conc. Conc. Conc. % 
Hg(NOs3)¢ HNO; CeH 10 HgCl 
0.050 0.050 0.042 4 
0.050 0.100 0.042 2 
0.095 0.275 0.033 4.5 
0.200 0.55 0.275 11.5 


After one hour the interface between the carbon tetrachloride and aqueous 
phases contained a small amount of solid which was found to be mercurous 
chloride. The presence of this salt seemed not to be owing to impurities since 
purified reagents were used, nor was the extent of reduction affected by the 
presence of atmospheric oxygen. Its chloride moiety probably originated by | 
slight hydrolysis of the carbon tetrachloride. 


When the aqueous layer was treated with sodium chloride, from 2-12% of 
the total mercury was precipitated as mercurous chloride. The decrease in 
apparent mercury concentration and slow increase in acidity reported by 
Lucas, Hepner, and Winstein may therefore be explained simply by the fact 
that mercurous nitrate cannot be titrated quantitatively by thiocyanate and 


that acid is necessarily formed during the reduction. Likewise the increase in 


apparent unsaturation may be expected since the bromide-bromate reagent 
will oxidize mercurous nitrate quantitatively to the mercuric state. 
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In order to ascertain the nature of the oxidation product corresponding to 
the reduction of mercuric salt we carried out an experiment at 25°C. using 
equimolar quantities of cyclohexene, mercuric nitrate, and nitric acid and 
omitted the carbon tetrachloride used by Lucas, Hepner, and Winstein. At no 
time was the odor of cyclohexene absent, but the nonaqueous phase disap- 
peared after six minutes of violent shaking, and it reappeared after four hours, 
together with a small amount of solid and a characteristic disagreeable odor. 
This regenerated phase was removed after 16 hr. by azeotropic distillation 
under reduced pressure, leaving behind the solid. 


Examination of the distillate showed that the nonaqueous phase comprised 
about half of the cyclohexene used initially, as well as formylcyclopentane in 
yield of about 37 mole % of the cyclohexene consumed. The actual yield of 
formylcyclopentane is slightly higher than this, because the nondistillable 
solid is the trimer of formylcyclopentane. This trimer has previously been 
reported as a polymer by Tiffeneau in a private communication relating to his 
report on formylcyclopentane (10) and later as a polymer of somewhat lower 
melting point (12). It can be formed from the aldehyde by treatment with 85% 

_phosphoric acid, and it gives the same 2,4-dinitrophenylhydrazone. Since 
analysis with methyl Grignard reagent in the Kohler machine shows that it 
contains no active hydrogen or carbonyl group, we designate it as 2,4,6-tri- 
cyclopentyl-1,3,5-trioxane. 


After the aqueous phase was chloroform-extracted to remove the trimer it 
was poured into aqueous sodium chloride. After the precipitate was extracted 
with methanol to remove a small amount of mercuric salt the remainder was 
found by its X-ray diffraction powder pattern to be essentially pure mercurous 
chloride in a molar yield of 90% of the mercuric nitrate used initially. The 
remaining 10% of mercuric salt is found in the methanolic extract and in the 
aqueous filtrate. When the mercuric salt is converted to the sulphide a few per 
cent of cyclopentanecarboxylic acid can be extracted from the aqueous filtrate. 
Under the conditions used in this experiment the reaction was rapid, since an 
aliquot removed after the first 20 min. showed that 10% of the mercuric salt 
was reduced to mercurous nitrate within this time. 


The mechanism of this oxidatior’ is at present obscure. The comparative 
consumption of reagents indicates that two molecules of mercuric nitrate are 
consumed per molecule of cyclohexene. None of the nitric acid is reduced to 
nitrous acid, but when insufficient mercuric nitrate remains in the system 
metallic mercury is precipitated. One might presume that the oxidation would 
produce either epoxycyclohexane or cyclohexandiol-1, 2 (dl, /d or dd, Il) and 
that one of these would undergo a Wagner—Meerwein type of 1, 2-rearrange- 
ment in the resultant solution. However, none of these substances shows any 
tendency toward rearrangement either in mercuric nitrate — nitric acid solu- 
tions or in similar solutions of mercurous nitrate. 


The 1, 2-rearrangement of cyclohexandiol to formylcyclopentane has been 
reported as a pyrolysis over aluminum oxide (11) but these rearrangements 
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have not been effected in water solution. On the other hand, Tiffeneau (10) 
has found that 2-iodocyclohexanol on treatment with silver nitrate is con- 
verted to formylcyclopentane. Although he does not define his reaction con- 
ditions, these are fixed approximately by the fact that he obtained cyclohexyl 
nitrate (together with cyclohexene) by treatment of cyclohexyl! iodide with 
silver nitrate. 


Since Tiffeneau’s rearrangement thus seemed to proceed through the nitrate 
ester we have prepared the mono- and di-nitrate esters of dd, //-1, 2-cyclo- 
hexandiol, but find that neither of these shows any tendency to rearrange to 
formylcyclopentane. We have as yet been unsuccessful in our attempts to 
esterify dl, ld-1, 2-cyclohexanediol with mixed nitric-phosphoric acid. 


Discussion 


In view of the extent to which the oxidation reaction occurs with the re- 
agent concentrations used by Lucas, Hepner, and Winstein one may inquire 
as to why their evaluated equilibrium ratios (K,) should have been sufficiently 
constant that they were able to average 2/3 of their results instead of extra- 
polating to zero time. Inspection of their equation, simplified by the fact that 
cyclohexene is almost insoluble in water, 


Conc. CeHio in aqueous phase 


Conc. CeHio in CCh [initial conc. Hg— conc. CsHio in aq. phase] 


shows, however, that it is a function only of the relative concentrations of 
cyclohexene in the two phases. The oxidation reaction may be expressed by 
the equation 
CsHiot 2Hg(NO3)o+ CsH 190 2HgNO;3+ 2HNO; 

Now it is evident by actual inspection of the reaction mixture without carbon 
tetrachloride that cyclohexene forms a complex with mercuric nitrate in the 
aqueous phase at a rate depending on the initial concentration of the mercuric 
salt. Lucas, Hepner, and Winstein assigned 20 min. for this establishment of 
equilibrium between the two phases. During this time, and subsequently, the 
cyclohexene in the aqueous phase would be consumed, but this would not be 
apparent by titration with bromide-broniate because the formation of 2 mole- 
cules of mercurous nitrate would compensate equivalently for the loss of 
cyclohexene. Compensating transfer of cyclohexene from the nonaqueous layer 
would be minimized by the consumption of mercuric nitrate with which it 
would otherwise form a complex in the aqueous solution. Fortuitous constancy 
would thus be obtained. However, Kg eventually would decrease because 
consumption of mercuric nitrate at twice the rate for that of cyclohexene would 
decrease the amount of initial complex and thus redistribute the cyclohexene 
into the nonaqueous phase. 


On the basis of their results, Lucas, Hepner, and Winstein have defined the 
complex comprising mercuric nitrate, nitric acid, and cyclohexene as a mer- 
curinium ion, although none of the criteria for authentic ions (electrolytic 
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migration, abnormal depression of freezing point, etc.) were applied. Perhaps 
they did not mean an ion in the commonly accepted chemical sense, but rather 
a dipolar salt. However, they do consider the absorption of cyclohexene by 
aqueous mercuric nitrate as analogous with that of aqueous silver nitrate 
(7, p. 3102; 13) and presumably, with alkene-platinous halide (1, 5, 6, 9) and 
with alkene-cuprous halide complexes (8). But these complexes all have one 
common characteristic which would, indeed, seem necessary for complex cation 
formation: the complex forms with the lower valence state of the element. 
Thus olefins reversibly form complexes in neutral aqueous solution with argen- 
tous but not with argentic salts, with cuprous but not with cupric salts, and 
with platinous but not with platinic salts. One might then expect mercurous 

’ but not mercuric salts (since no higher valence is known) to form complexes 
with olefins. Actually undissociated complexes of alkenes with neutral mer- 
curous salts have been observed (4). 


Another significant difference between the argentous, cuprous, and platinous- 
alkene complexes and the mercuric nitrate —- cyclohexene complex is found in 
the behavior toward acids. Although the former tend to decompose as the 

_ concentration of the acid is increased, the formation of the mercuric nitrate — 
alkene complex is enhanced by addition of nitric acid. Assuming that the acid 
is functioning to prevent the hydrolysis of mercuric nitrate, it is reasonable to 
assume that coordination occurs with the nitrato group. Decomposition of the 
resulting complex in presence of excess mercuric nitrate would result in the 
reaction products which have been isolated if the organic fragment were to 
rearrange to formylcyclopentane. 


— 2HgNO; 


+ 
| g 3 —rig 
\) 


‘N-o- 


The nitrato group must be involved specifically in both the solubilization 
and oxidation process, since a 0.16 molar solution of mercuric chloride in 0.16 
molar hydrochloric acid will not absorb a detectable amount of cyclohexene. 
This situation is unaltered when the acid concentration is increased tenfold or 
decreased to zero, although in the latter case the concentration of mercuric salt 
must be decreased in order to prevent its partial precipitation. This failure of 
mercuric chloride to form a complex with cyclohexene might be thought by 
some to be owing to its low degree of ionization. However, no such difficulty 
is encountered in coérdination of mercuric chloride with tertiary amines, nor 
does the limited ionization of cuprous chloride prevent the mutual solubili- 
zation of the solid salt and the alkene in water (8). 


The significance of the cyclohexene — mercuric nitrate —nitric acid complex, 
whether or not it be considered as a mercurinium ion, in oxymercuration is 
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doubtful. Firstly it has been shown in this report that no oxymercurial is pro- 
duced under conditions favorable for the complex. Secondly in a system such 
as cyclohexene — mercuric acetate — water, where hydroxymercuration occurs 
almost quantitatively, there is no evidence for an intermediate complex con- 
sisting of these components. If such a complex were significant to the oxymer- 
curation reaction then its rate of formation would have to be faster than that 
of the hydroxyalkane-mercurial, but this seems not to be the case. 


Thus visible evidence for the formation of the cyclohexene — mercuric 
nitrate — nitric acid complex is provided by the solubilization of the alkene into 
the aqueous phase. If disappearance of the nonaqueous phase is used as a 
criterion, the formation of 1-hydroxy-2-acetoxymercuricyclohexane is com- 
plete in 13 min. when 0.01 mole quantities of mercuric acetate and cyclohexene 
are shaken in 250 ml. of water. On the other hand, 30 min. are required before 
the second phase disappears when 0.1 mole of acetic acid is included in an 
otherwise identical experiment. The yield of 1-hydroxy-2-chloromercuricyclo- 
hexane was 50-63% when both reaction systems were poured into dilute 
aqueous sodium chloride. 


If the cyclohexene — mercuric acetate - water system had behaved analo- 
gously with that comprising cyclohexene, mercuric nitrate, and water, the 
solubilization of the alkene ought to have been accelerated by addition of 
: acid. Instead it was retarded. Actually this diminution in rate is in accord 
we with the concept that basic mercuric acetate reacts directly with the alkene to 
a4 form the hydroxyalkanemercurial, since the concentration of basic salt would 
be reduced by presence of acid. Furthermore it is improbable that a stable ionic 
intermediate is operative since the rate of solution of the alkene closely ap- 
proximates the rate of formation of the oxymercurial. 


While there is thus no evidence that an alkene — mercuric salt complex is 
_ involved in oxymercuration the oxidation reaction is frequently encountered. 
However, it is ordinarily slower than oxymercuration in water or methanol. 
It does not interfere except during rate studies with alkenes which alkoxy- 
mercurate quite slowly. In such cases the precipitation of mercurous acetate 
from the alcoholic medium coincides with the decay of the rate constant. 
There are certain cases (2) such as the treatment of trans-stilbene with mer- 
curic acetate in absence of catalyst where oxidation to 1, 2-dimethoxy-1, 2- 
diphenylethane is the exclusive reaction. In this instance addition of peroxides 
will sufficiently accelerate the oxymercuration so that it takes precedence over 
the oxidation, but boron trifluoride evidently accelerates both reactions, since 
: dimethoxydiphenylethane is the only product obtained. The difference in func- 
; tion of these two catalyst types is the basis of a study presently carried out in 
this laboratory. 


Experimental* 
Stability of 1-Hydroxy-2-acetoxymercuricyclohexane in Dilute Nitric Acid. 


S Freshly prepared 1-hydroxy-2-acetoxymercuricyclohexane (0.32 gm., 0.0009 
2 mole) was added to 9 ml. of water containing various amounts of nitric acid 


* All melting points have been corrected against reliable standards. 
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(Table I) and the whole made up to 10 ml. volume with water. The compound 
dissolved after shaking for one minute. After 10 min. the whole was poured 
into dilute aqueous sodium chloride. The 1-hydroxy-2-chloromercuricyclo- 
hexane was filtered, dried, and weighed. In one experiment sodium nitrate was 
added to effect conversion to the nitratomercuri compound. 


Methoxymercuration of Cyclohexene with Mercuric Nitrate 


Experiments 1, 2, and 3 were carried out with 0.015 mole mercuric nitrate 
and 0.02 mole cyclohexene in methanol—water volumes of 50:0; 25: 25, and 
5:45 ml. respectively. A trace of nitric acid was added as catalyst. The times 
after which no mercuric oxide was precipitated by alkaline treatment of a test 
portion were respectively six, three, and nine minutes. The yields after 15 min. 
(80, 70, and 10% respectively) were estimated from the precipitate of trans-1- 
methoxy-2-chloromercuricyclohexane obtained by pouring the reaction mix- 
tures into aqueous sodium chloride. The products from Expts. 1 and 2 both 
melted at 113-114°C. The product from Expt. 3 was very impure, but a single 
crystallization from acetone showed that it was partly 1-methoxy-2-chloro- 
_ mercuricyclohexane, m.p. 112-114°C. 


Reaction of Cyclohexene with Aqueous Mercuric Nitrate — Nitric Acid Solution 


A solution of 81.2 gm. (0.25 mole) of mercuric nitrate and 15.7 ml. (0.25 
mole) of 70% nitric acid in 500 ml. of water was treated with 25 ml. of freshly 
purified cyclohexene containing only a trace of peroxide. After three minutes’ 
shaking less than half the cyclohexene remained; there was no separate phase 
after six minutes. The odor of cyclohexene prevailed throughout the reaction. 
No difference in results was obtained when the reaction was carried out under 
nitrogen. At the end of 20 min. a test portion, removed, extracted with ether, 
and treated with aqueous sodium chloride precipitated mercurous chloride 
equivalent to 0.1 of the original mercury content. The ether extract gave a 
positive carbonyl] test with dinitrophenylhydrazine. 


A separate phase separated after four hours. After 16 hr. the reaction mixture 
was distilled under 15 mm. pressure into an ice-cooled receiver and then into 
a trap cooled by dry-ice. The aqueous residue (200 ml.), containing an oily 
phase, was twice extracted with 30 ml. portions of chloroform. A test of the 
extracted aqueous residue with alkali did not indicate any mercuric ion. Treat- 
ment with 60 ml. of saturated aqueous sodium chloride gave a white precipitate 
which was filtered, washed with methanol, and when vacuum dried, weighed 
52.8 gm. Since this solid was shown to be pure mercurous chloride by test with 
alkali and by its X-ray diffraction pattern it represents 89.5% of the total 
mercury introduced into the reaction. The methanol used to wash the white 
precipitate was diluted with water and nitric acid, and then was treated with 
hydrogen sulphide. The mercuric sulphide which precipitated was washed with 
methanol. Its weight, 5.83 gm., represents 10% of the mercury originally used. 


The chloroform extract was evaporated to leave a gummy solid, which was 
crystallized wastefully from ether — petroleum ether (b.p. 40-60°C.) mixture. 
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It weighed 0.25 gm. and melted at 123.5-124.5°C. When crystallized from hot 
95% ethanol it melted at 128.5-129°C. When 70 mgm. of this compound was 
boiled with an equal amount of 2, 4-dinitrophenylhydrazine in ethanolic hydro- 
chloric acid it formed the 2, 4-dinitrophenylhydrazone of formylcyclopentane, 
m.p. 163-164°C. after crystallization from boiling ethanol (30 ml. per gm.). 
Calc. for CyzxHuNsOq: C, 51.9; H, 5.05; N, 20.1%. Found: C, 51.8; H, 5.07; 
N, 19.9%. 


The content of the dry-ice trap used in the vacuum distillation was dried 
with magnesium sulphate and distilled. The fraction, b.p. 81-83°C. weighed 
9.2 gm. It was proved by methoxymercuration to be pure cyclohexene, which 
thus constitutes a 45% recovery of this starting material. The residue from this 
distillation was combined with the ether — petroleum ether liquors from which 
the solid, m.p. 124°C., was obtained, and also with an ether extract (dried with 
magnesium sulphate) of the aqueous distillate from the vacuum distillation. 
The accumulated oil was distilled to yield 4.45 gm., b.p. 80-81°C. (124 mm.), 
d?° 0.932, nj’ 1.4428 and 0.8 gm. boiling approximately at 65°C. (8 mm.), ”} 
1.4563. The first fraction, evidently formylcyclopentane, represents 37% of 
the cyclohexene consumed. The higher boiling fraction was redistilled at 215- 
216°C., corr., np’ 1.4532. Since these constants conform with those reported for 
cyclopentanecarboxylic acid, the crude yield is 5.6%. 


The formylcyclopentane was redistilled, b.p. 133-134°C., nj 1.44211, d7° 
0.927. A portion was converted to the semicarbazone in 60% yield, m.p. 123- 
123.5°C. after crystallization from water. A third portion of the aldehyde was 
treated with 2, 4-dinitrophenylhydrazone in aqueous-ethanolic sulphuric acid. 
It yielded a dinitrophenylhydrazone the melting point of which was not de- 
pressed by admixture with the derivative described above. 


2, 4, 6-Tricyclopentyl-1, 3, 5-trioxane 

When 0.01 gm. of 85% phosphoric acid was allowed to flow into 0.20 gm. 
(0.002 mole) of formylcyclopentane solidification commenced at the interface. 
After two hours the solidification was complete. The solid was crystallized 
from boiling ethanol (25 ml. per gm.), m.p. 122.4-122.7°C., wt., 0.13 gm., or 
65% of the theoretical yield. Recrystallization from the same solvent raised 
this melting point to 128-129°C. A mixed melting point with the solid com- 
pound obtained from the oxidation reaction was not depressed. ‘The molecular 
weight determined by the Rast method initially gave a value of 292 (calculated 
294) but this number decreased to 204 after repeated melting. Analysis in the 
micro-Kohler machine with methylmagnesium iodide showed absence of active 
hydrogen and carbonyl groups. Calc. for CisH 3003: C, 73.5; H, 10.2%. Found: 
C, 73.5; H, 10.3%. 


Reaction of Cyclohexene in Carbon Tetrachloride with Mercuric Nitrate and Nitric 
Acid in Water 


A 250 ml. separatory funnel fitted with a sleeve-sealed stirrer was filled with 
25 ml. of carbon tetrachloride and 200 ml. of water containing cyclohexene, 
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mercuric nitrate, and nitric acid in concentration shown in Table II. The re- 
maining air-space was negligible and results were identical when the funnel 
had previously been swept with nitrogen. After one hour of violent stirring the 
nonaqueous layer was drawn off together with a small amount of mercurous 
chloride. The aqueous layer was run into centrifuge jars containing 100 ml. of 
saturated aqueous sodium chloride. After 10 min. the centrifugate was filtered 
and the white precipitate washed with methanol until it no longer gave a test 
for mercuric chloride. It was then dried at 110°C. and weighed. 


Absorption of Cyclohexene by Aqueous Mercuric Acetate 


To a solution of 3.16 gm. (0.01 mole) of mercuric acetate in 250 ml. water 
at 25°C. was added 1 ml. (0.01 mole) of cyclohexene. The whole was shaken 
for 13 min., until the cyclohexene layer disappeared. The liquor was poured 
into 50 ml. of saturated aqueous sodium chloride. The 1-hydroxy-2-chloromer- 
curicyclohexane which precipitated weighed 2.1 gm. or 63% of the theoretical 
amount. 


The experiment was repeated except that the volume of 250 ml. was made 
up from water and 5.7 ml. (0.1 mole) of acetic acid. Thirty minutes of shaking 
elapsed before the nonaqueous phase disappeared. The yield of 1-hydroxy-2- 
chloromercuricyclohexane was 1.67 gm. or 50% of theoretical. In neither case 
was more than a trace of mercurous salt detected. In either reaction mixture 


the amount of product remaining in the aqueous solution was found to be - 


23-25% of that actually isolated. 


Aqueous Mercuric Salts with Cyclohexene 

When | ml. of cyclohexene was shaken for 24 hr. with 50 ml. of an aqueous 
solution 0.16 molar both in mercuric chloride and hydrochloric acid less than 
1% of the cyclohexene was absorbed. This behavior was the same when the 
acid concentration was increased to 1.6 N. The absorption of 1 ml. of cyclo- 


hexene was likewise not measurable in 100 ml. of 0.08 molar aqueous mercuric * 


chloride without any acid. 


When the turbid solution of 6.50 gm. (0.02 mole) of mercuric nitrate in 50 
ml. of water was shaken over five minutes with 1.6 ml. (0.02 mole) of cyclo- 
hexene the solution gradually became clear but only 35% of the cyclohexene 
layer disappeared; after 10 min. solution was complete. After 20 min. the solu- 


-tion was poured into aqueous sodium chloride and the mercurous chloride 


filtered off, washed with water, methanol and ether. It weighed 0.75 gm. or 
16% of the theoretical yield for complete reduction of the mercuric salt. 


When 8.2 gm. (0.1 mole) of cyclohexene was shaken for 10 min. under 
nitrogen with a solution of 28.06 gm. (0.1 mole) of mercurous nitrate in 6.3 ml. 
(0.1 mole) of 70% nitric acid and 100 ml. of water a precipitate of mercury began 
to appear. There remained 6.06 gm. of cyclohexene or 74% of the original 
amount. When this experiment was repeated with inclusion of 0.1 equivalent 
of mercuric nitrate the precipitation of mercury was hindered for about one 
hour, and only 20% of the cyclohexene was absorbed. 
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Bromide-Bromate Titration of Mercurous Salt in Presence of Cyclohexene 


The procedure of Lucas, Hepner, and Winstein (7) was followed in those 
runs where cyclohexene was present. In the absence of cyclohexene known 
amounts of potassium bromate and mercurous nitrate in dilute nitric acid were 
titrated with standard thiosulphate. Table III demonstrates the consumption 
of 1 equivalent of oxidizing agent by the mercurous salt or 2 equivalents by 


cyclohexene. 
TABLE III { 
Equiv. 
Expt. Equiv. Equiv. unsaturation Equiv. Total 
No. bromide- HgNO; (0.5 equiv. Na2S:03; calc. equiv. 
bromate CeH 10) unsaturation 
1 0.00392 0 0 0.00391 0 
2 0.00366 0.00034 0 0.00332 0.00034 
3 0.00366 0.00103 0 0.00262 0.00104 
4 0.00366 0 0.00151 0.00218 0.00148 
5 0.00366 0.00034 0.00151 0.00185 0.00181 


Treatment of Cyclohexanediols and Epoxycyclohexane with Mercury Salts 


a When cyclohexene was replaced by either cis or trans cyclohexanediol-1, 2 
or epoxycyclohexane in the acidified mercuric nitrate reagents and the reaction 
mixtures were extracted with chloroform after 24 hr. no trace of formylcyclo- 
pentane could be detected in the extracts. Similar results were obtained when 
acidified solutions of mercurous nitrate were treated with the same substances. 
Finally, 0.005 mole of these substances was each treated over several days with 
a solution of mercuric nitrite prepared by admixture of mercuric chloride and 
sodium nitrite. Some mercurous salt precipitated but no formylcyclopentane 
could be detected. The dinitrophenylhydrazine test reagent is very sensitive for 
detection of this aldehyde. 


dd, ll-1-Hydroxy-2-nitroxycyclohexane 


To a solution of 11.2 gm. (0.1145 mole) of 1, 2-epoxycyclohexane in 110 ml. 
of anhydrous ether at —70°C. was added over one hour 4.8 ml. (0.1145 mole) 
of 100% nitric acid. The solution was stirred an additional half-hour, then let 
a warm to 25°C. and washed with water and then with 2% aqueous sodium 
é carbonate until the aqueous wash water was neutral. After drying with mag- 
‘ nesium sulphate the solution was distilled finally at 3.5 mm. to give a main 
fraction, b.p. 100-105°C. weighing 10 gm. This 55% yield was redistilled at 
100°C. (3 mm.), nj’ 1.47892, d?° 1.225. Mp (calc.) 37.2; found 37.4. Calc. for 
CsHi:NO,: C, 44.6; H, 6.93; N, 8.71%. Found: C. 44.5; H, 7.02; N, 8.63%. 


dd, Il-1, 2-Dinitroxycyclohexane 

To a mixed acid prepared from 2.88 ml. (0.068 mole) of 100% nitric acid 
and 2.76 ml. (0.048 mole) of 96% sulphuric acid stirred and maintained at 0°C. 
was added 3.00 gm. (0.026 mole) of dd, //-1, 2-cyclohexanediol over 30 min. 
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After 15 min. longer at 0°C. the whole was drowned in ice water which was 
then ether-extracted. The ether extract, washed with water and sodium car- 
bonate until neutral and dried with magnesium sulphate, was distilled finally 
at 0.5 mm. to yield 2.2 gm. (65%) b.p. 100-102°C. This was redistilled at 
118-118.5°C. (5.5 mm.) nj’ 1.47555, d7° 1.318. Mp calc. 44.1; found, 44.0. 
Calc. for CeHioN 206: C, 34.9; H, 4.86; N, 13.6%. Found: C, 35.1; H, 4.88; 


N, 13.5%. 
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EUTECTIC SOLIDIFICATION IN METALS! 


By W. C. WINEGARD,” S. MajKa,* B. M. THALL,! AND B. CHALMERS! 


Abstract 


A study has been made of the process of solidification of the alloys of tin and 
lead, the eutectic structure of which is typically lamellar. A technique was 
dev eloped i in which the rate and direction of solidification were controlled. It 
was demonstrated that freezing takes place by the simultaneous edgewise growth 
of the lamellae, the thickness of which depends on the rate of freezing. It was 
also shown that the interface between solid and liquid at any instant is cor- 
rugated, owing to the fact that one of the phases is in advance of the other. 
This is attributed to the difference in thermal conductivity of the two phases. 
A detailed description is given of the process of eutectic solidification. 


1. Introduction 


Eutectic solidification occurs in a binary system when a single liquid phase 
is transformed into two solid phases which are in equilibrium with the liquid 
at the eutectic temperature. There have been two detailed surveys (Brady (1) 
and Portevin (4)) of the structures that are found in binary eutectic alloys, 
but little has been written about the details of the process by which these 
structures are formed. 


The commonest type of eutectic structure is that which is described as 
‘lamellar’. The appearance under the microscope of a suitably prepared sur- 
face is shown in Fig. 1, in which it will be seen that the two phases appear to 
exist as alternate layers. 


The earliest attempt to account for the origin of this structure was by 
Tammann (8)*. His theory is that crystallization of one phase starts by nucle- 
ation and that this phase solidifies until the resulting change in the com- 
position of the liquid is sufficient to cause the other phase to nucleate; the 
second phase then grows and the process is reversed. This results in the alter- 
nate solidification of the two phases. Fig. 2 represents a very small element of 
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Fic. 2. Eutectic solidification according to the Tammann theory. 


1 Manuscript received November 2, 1950. 
2 T. A. Russell Research Fellow, Department of Metallurgical Engineering, University of 


‘Toronto, Toronto, Ont. 


3 Ontario Research Foundation, Toronto, Ont. 
‘ Department of Metallurgical Engineering, University of Toronto, Toronto, Ont. 
* Tammann's views, developed in much earlier work, are summarized in this book. 
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the material during solidification. The interface between solid and liquid is 
represented by AB, with solid to the left and liquid to the right. The region 
considered is small enough for the interface to be represented as a plane. The 
direction of heat flow is from right to left and, according to Tammann’s theory, 
the lamellae should form perpendicularly to the direction of heat flow, or 
parallel to the interface between solid and liquid. 


A different view was taken by Vogel (10); he considered that the lamellar 
appearance corresponded to the existence of the two phases in the form of rods, 
or more accurately polygonal prisms, with their axes perpendicular to the 
interface. Crystallization of the two phases would occur simultaneously, and 
the instantaneous condition would be as represented in Fig. 3. 


SOLID LIQUID 


B 


Fic. 3. Eutectic solidification according to the Vogel theory. 


Experimental investigation of this question by Straumanis and Braaks (6, 7) 
proved that, in five alloys which were examined, the structure was lamellar 
and that the lamellae were approximately perpendicular to the interface. This 
appears to have been the only investigation in which the direction of heat flow 
was known, and it offers very strong support for the views of Vogel as opposed 
to those of Tammann. Recent work by Elwood and Bagley (3) has shown the 
existence of definite crystallographic relationships between the interpene- 
trating components of a eutectic grain. 


Recent work by Thall and Chalmers (9) on the structure of aluminum— 
silicon eutectic alloys shows that the modification of the structure, by rapid 
freezing or by the addition of sodium, can be accounted for by making certain 
assumptions with regard to eutectic freezing. One of these assumptions is that 
the two phases are formed simultaneously (as in Fig. 3) and another is that, 
instead of the interface being smooth, it has the form represented in Fig. 4, in 
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Fic. 4. Eutectic solidification as envisaged by Thall and Chalmers. 
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which the interface between the dark phase and the liquid is in advance of the 


interface between the light phase and the liquid. This assumption is made on 
the basis of the fact that the rate of advance of the interface is determined by 
the heat flow across it and by the latent heat of fusion of the solid phase. The 
surface of one phase will tend to lead if its thermal conductivity is higher and 
if its volume latent heat is lower than those of the other phase. 


The present investigation was undertaken in order to examine the validity 
of these assumptions and to provide further experimental evidence about the 
process of eutectic solidification. 


2. Experimental Considerations 


The object of the experimental work was to study the geometry of the 
structure and of the solid—liquid interface in relation to the direction of heat 
flow. In order to achieve this result, it is necessary for freezing to occur under 
conditions which allow the direction of heat flow and the speed of solidification 
to be determined. It is also necessary to be able to examine the solid—liquid 
interface. 


These requirements are all satisfied by the experimental technique pre- 
viously described by Chalmers (2), in which solidification takes place in a 
graphite ‘‘boat”’ and the heat flow is controlled by means of a movable furnace. 
A temperature gradient can be set up and maintained so that solidification 
proceeds from one end of the sample to the other at any required speed. For 
this purpose, the furnace is moved mechanically. Provision was also made for 
rapid tilting of the boat at any desired time. This causes rapid removal of the 
liquid from the boat, and allows the preservation of the solid surface for de- 
tailed examination. The present paper deals with an investigation of tin—lead 
alloys. The use of these alloys has the advantage that the experiments can be 
performed in air, as oxidation and evaporation are relatively slow. In addition, 
the low melting point simplifies the experimental technique. According to 
Raynor (5), the equilibrium diagram for the lead—tin system is as shown in 
Fig. 5. 


3. Direction of Growth of Lamellae 


The directions of heat flow and of the interface are known in specimens pre- 
pared in the way described above. The structure, as determined from micro- 
sections, can therefore be related to the direction of heat flow. Sections were 
accordingly taken in the horizontal plane (i.e., perpendicular to the interface) 
and in a vertical plane parallel to the interface. Typical photomicrographs of 
these two sections in a eutectic sample are shown in Figs. 6 and 7 respectively. 


It must be concluded that the structure is lamellar, and that the lamellae 
are approximately parallel to the direction of heat flow. It is also observed 
that the lamellae are in groups, those in each group being equally spaced and 
inclined at the same angle to the horizontal plane. A group of similarly inclined 
lamellae may be referred to as a ‘‘eutectic grain’’. 
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Fic. 5. Lead-tin equilibrium diagram. 


4. Macroscopic Appearance of Alloys 


If the composition of an alloy is not that of the eutectic, then the first material 
to solidify will consist mainly of the element which is present in excess, with 
some of the other element in solid solution. Primary solidification continues 
until the remaining liquid has reached the eutectic composition. ; 


In order to examine the process of primary crystallization, alloys of 70% Sn 
and 30% Pb, and of 55% Sn and 45% Pb were allowed to solidify at the rate 
of 0.02 mm. per min. The former alloy presented the characteristic appearance 
shown in Fig. 8. 


B a 


Fic. 8. Characteristic appearance of slowly cooled 70% Sn-30% Pb alloy. 


The structure appeared to have three distinct zones. In the first (A), Fig. 8, 
the solid consisted entirely of a solid solution of lead in tin, with a dendritic 
structure. In the second zone (B), a fine eutectic surrounded the dendrites of 
the tin-rich solid solution, while in the third (C) the dendrites were fewer and 
the eutectic coarser. The second alloy is of such composition as to cause primary 
crystallization of the lead-rich phase. The structure obtained is shown in Fig. 9. 
The structure was quite different from that of the alloy with the higher tin 


content, and was as follows: Zone (A), Fig. 9, consisted of distinct crystals of © 
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Fic. 9. Characteristic appearance of slowly cooled 55% Sn-45% alloy. 
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lead and of tin; the second zone (B) consisted of fine eutectic, and the third 
zone had a coarse lamellar structure. The main difference between the two 
structures is in their primary constituents. In the tin-rich alloy, they were 
manifest in the form of dendrites, while in the lead-rich alloy no dendrites 
were evident. 


The formation of dendrites can be explained if the solid has a higher thermal 
conductivity than the liquid; the experimental results suggest that the thermal 
conductivity of the liquid is intermediate between those of the two solid phases; 
the tin-rich solid solution must have a greater conductivity than the liquid in 
order to account for its tendency to form dendrites. 


5. Shape of Solid-Liquid Interface 


Examination of the interface between solid and liquid is not possible while 
freezing is in progress. The interface existing at any instant can, however, be 
preserved for subsequent examination by sudden removal of the liquid. 


The interface was first examined in an alloy containing 70% Sn and 30% Pb. 
When the interface was preserved by sudden decanting of the liquid, the tin 
dendrites projected from the remainder of the interface to such an extent that 
examination at high magnification with the metallographic microscope was 
impossible. 


It was possible, however, to obtain a formvar replica of the surface and to 
examine it in the electron microscope after shadow casting. The authors are 
indebted to Dr. D. Scott of the Physics Department, University of Toronto, 
who undertook this aspect of the investigation. Considerable difficulty was 
encountered in achieving satisfactory contrast, because the replica had to be 
made thick to avoid disturbance by the dendrites. An electron micrograph is 
shown in Fig. 10. 


It is apparent that the surface of the replica was ‘“‘corrugated”’ in a way that 
corresponds to an interface shape of the type represented in profile in Fig. 4. 
An interpretation is that one phase advances into the liquid ahead of the other. 


In order to avoid the difficulties caused by the presence of dendrites, similar 
experiments were conducted on an alloy with the eutectic composition. Exam- 
ination of the unetched surface by phase contrast microscopy* confirmed the 
previous deduction that the surface was “corrugated”. An example of the 
appearance of the surface at a magnification of 1500 is shown in Fig. 11. 
An estimate of the ‘‘depth” of the corrugations was made by using the 
extreme sensitivity with which focusing can be adjusted. It was found that, in 
the case under review, the depth was 0.2 to 0.5 micron; the ae spacing of 
the laminations was about 2 microns. 

* In phase contrast microscopy, very high resolution normal to the surface is obtained by using 


a type of illumination in which slight changes in level give large differences in brightness of the 
image. 
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Fic. 10. Electron micrograph of Pb-Sn eutectic interface. 
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PLATE III 


Fic. 12. Hollow conic micrograph of Pb-Sn eutectic interface. X 2000. 

Fic. 13. Photomicrograph of Pb-Sn eutectic (normal lighting). X 1000. 

Fic. 14. Photomicrograph of Pb-Sn eutectic showing precipitation in Pb phase. X 1000. 
Fic. 15. Photomicrograph showing variation of thickness with speed of growth. X 200. 
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Somewhat similar results were obtained by the use of hollow conical illum- 
. ination; an example is shown in Fig. 12. In this photograph, the leading parts 
of the surface are white, and the hollows are dark. 


6. Identification of the ‘‘Leading Phase’’ 


It will be seen in Fig. 12 that the white parts of the field have an appearance 
of continuity, while the dark regions are of characteristically limited extension. 
It is next necessary to prove that these two parts of the surface correspond to 
the two phases of the eutectic, and to determine which is in advance. Metallo- 
graphic examination of the surface after polishing and etching reveals the 
appearance illustrated in Fig. 13. It will be seen that the distribution of the 
light and dark areas is generally similar to those of Fig. 12. In Fig. 13, the light 
and dark regions correspond to the two phases of the eutectic, since they are 
revealed by etching, which has different effects on the two phases. It follows 
that the light phase in the etched section (Fig. 13) corresponds to the light 
areas of Fig. 12—that is, to the more advanced parts of the interface. This 
phase can be identified as follows: it is observed that, if a section similar to 
Fig. 13 is made after the alloy has been heated, the dark phase contains white 
spots, which can be recognized as precipitated particles of the other phase. 
An example is shown in Fig. 14. Reference to the equilibrium diagram shows 
that the solubility of tin in lead decreases rapidly below the eutectic tem- 
perature; it is therefore to be expected that precipitation of tin should occur 
in the lead-rich phase. The dark phase may, therefore, be tentatively identified 
as lead-rich. This is confirmed by the anisotropy of the light (tin-rich) phase, 
as revealed by polarized light. It is concluded that the leading phase in the 
tin-lead eutectic is the tin-rich phase. 


Since the latent heat and thermal conductivity of the tin-rich phase are both 
higher than those of the lead-rich phase, it follows that the thermal conduc- 
tivity is the controlling factor in determining which phase will be in advance. 
It is probable that with such slow freezing rates the latent heat does not exert 
as great an influence as it would at the higher cooling rates which occur in 
practice. 


7. Thickness of the Lamellae 


Some observations on the thickness of the lamellae may also be recorded. 
The actual thickness of the lamellae can only be measured on a section taken 
parallel to the interface, while in other directions there is no certainty that the 
section is perpendicular to the lamellae. On the other hand, it is not possible 
to examine the constancy of the thickness of a particular group of 
lamellae by means of a section parallel to the interface. To investigate the 
influence of speed of growth on the thickness of the lamellae, it is necessary to 
examine a section perpendicular to the interface. Fig. 15 shows a photomicro- 
graph of such a surface in a region where the speed of advance of the interface 
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was reduced and increased again. It is seen that the lamellae become thicker 
at lower speeds. Fig. 14 is a more detailed view of the same section. Quan- 
titative relationships have not been established. 


8. Mechanism of Eutectic Solidification 


It is now possible to describe the mechanism of eutectic freezing in some 
detail. It is probable that the process commences with the formation of a 
nucleus of one of the phases. A crystal of this phase will grow until the sur- 
rounding liquid has become rich enough in the other constituent for the second 
phase to nucleate. The two initial crystals that form in this way will grow side 
by side; if growth is radial (as it must be at this stage) each crystal will grow 
wider as it grows outward from its point of nucleation ‘‘P’’ (Fig. 16A). The 
extent to which the crystals can grow wider depends on the speed of growth, 
since diffusion in the liquid is necessary to keep the surface of each phase sup- 
plied with the appropriate atoms for continuous solidification. The greater the 
speed of solidification, the less will be the time available for lateral diffusion 
and the less will be the maximum thickness of the lamellae. When the maximum 
thickness is reached, the concentration of phase B at the point C will reach 
such a level that solidification of phase A is replaced by solidification of phase B. 
This can occur either by fresh nucleation or by the growth of phase B from 
above or below the plane represented by the diagram. The process will be 
repeated whenever the maximum thickness is attained. This is illustrated in 
Fig. 16B between P and XX. Branching does not occur unless it is necessitated 
by the diffusion criterion, because it results in an increase of the area and, 
therefore, of surface free energy of the interface between the phases. Under 
conditions of parallel as distinct from radial heat flow, Fig. 16B, XX to YY, 
no further branching will occur so long as speed of growth is constant. The 
structure is then lamellar. Once a lamellar structure has been established, it 
is maintained by the growth of both phases simultaneously, the lamellae growing 
““edgewise’’ into the liquid. 

Although the experiments refer only to the lead-tin system, it is suggested 
that the conclusions are of general application. 
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Fic. 16A. Fic. 16B. 
Fic. 16. A and B represent eutectic solidification according to the theory proposed in this paper. 
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CONTRIBUTION TO THE STUDY OF 4-MONOSUBSTITUTED- 
3-AMINO-5-PYRAZOLONES' 


By E. GaGnon, JEAN L. BoIvIN,? AND JACQUES GIGUERE* 


Abstract 


The condensation of monosubstituted cyanoacetic esters with hydrazine gave 
rise to 4-R-3-amino-5-pyrazolones. The pyrazolones prepared were those in 
which R = o0-chlorobenzyl, 8-p-methylphenoxyethyl, y-p-methylphenoxypropyl, 
B-p-ethylphenoxyethyl, -p-chlorophenoxyethyl, y--chlorophenoxypropyl, 
-p-bromophenoxypropyl, or n-dodecyl. 

The ultraviolet absorption spectra of these pyrazolones were determined in 
neutral, acid, and alkaline medium. 


Introduction 


Ethyl cyanoacetate, when treated with hydrazine, forms the corresponding 
hydrazide. The latter in the presence of an alkaline catalyst gives rise to 
3-amino-5-pyrazolone (1, 5). Substituted and disubstituted cyanoacethy- 
drazides treated with strong alkalies yield 4-mono- or 4, 4-disubstituted-3- 
amino-5-pyrazolones (2). 


In this paper, the preparation of eight new 3-amino-5-pyrazolones with alkyl 
or phenoxyalkyl substituents in position 4 is described. 
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All these compounds were made by preparing the corresponding mono- 
substituted cyanoacethydrazides (1) and treating them with sodium hydroxide. 
When the alkaline solution was neutralized with acetic acid, pyrazolones (I1) 
usually precipitated as white solids which were recrystallized several times from 
dilute ethanol. They were soluble in ethanol, acids, and bases, and slightly 
soluble in water. They were insoluble in ether and benzene. All compounds 
gave a red color with ferric chloride. 


The physical properties and analyses of the pyrazolones prepared are given 
in Table | together with their spectrophotometric data. 


1 Manuscript received November 13, 1950. 
Contribution from the Department of Chemistry of Laval University, Quebec, Que. 
2 Address: Canadian Armament Research and Development Establishment, D.R.B., Val- 
cartier, Quebec. 
c Holder of a Studentship under the National Research Council of Canada, 1949-1950. 
Present address: Prairie Regional Laboratory, N.R.C., Saskatoon, Sask. 
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TABLE I 


4-MONOSUBSTITUTED-3-AMINO-5-PYRAZOLONES 


Analysis, % Ultraviolet absorption maxima 
Substituent Formula |M.p.,°C.*| Nitrogen Neutral Acid ) Alkaline 
Log Log Log 
Calc. |Found| E,, A Em A Ey, A 
n-Dodecyl CisH220ONs 152-154 | 15.7 | 15.7 | 3.54] 2520) 3.85) 2360) 3.83) 2300 
3.45) 2800) 3.25) 2 
o-Chlorobenzyl 170 18.8 | 19.1 | 4.01] 2450) 4.07| 2360 
8-p-Methylphenoxyethyl |C12H1s02Ns 184-185 | 18.0 | 17.7 ‘= 4.28} 2280) 3.99) 2240 
4.04) 245 
3.45) 2780) 3.30) 2780) 3.05) 2760 
3.39| 2850) 3.22) 2840 
159-160 | 16.9 | 17.1 4.14| 2260) 4.09) 2240 
3.62| 2790 3.62) 3.33) 2760 
3.62) 2850) 3.56) 2850 
8-p-Ethylphenoxyethy] CisH1702N3 170-171 | 16.9 | 16.7 | 4.29} 2240) 4.32) 2270) 4.37) 2240 
3.98) 2440 
3.53] 2770 
8-p-Chlorophenoxyethyl | 204-205 | 16.6 | 17.0 | 4.24) 2300) 4.42! 2300) 4.33) 2270 
3.42) 2820] 3.24! 2800) 3.33) 2780 
-p-Chlorophenoxypropy] |Ci2H1sO2CIN3 | 203-204 | 15.7 | 15.4 | 4.11) 2280] 3.97) 2280) 4.13) 2270 
3.61) 2820] 3.60} 2800) 3.23) 2780 
y-p-Bromophenoxypropy] |CizHisO2BrN3 | 214-216 | 13.7 | 13.9 . 30) 2270) 4.18} 2280) 4.08) 2260 
2820) 3.67) 2800) 3.41) 2780 
if 


* All melting points are uncorrected. 


Preparation of Pyrazolones 
4-Monosubstituted-3-amino-5-pyrazolones 


The hydrazide (0.1 mole) of the ethyl monosubstituted cyanoacetate was 
treated with two equivalents of sodium hydroxide (40%) and stirred for a few 
minutes. The mixture was allowed to stand for three hours and diluted with 
water (250 ml.). The solution was then acidified with acetic acid (50%) and 
the mixture was allowed to cool slowly. The resulting crystalline compound. 
was filtered, washed with water, and recrystallized several times from dilute 
ethanol. The yields were excellent. A positive color test was obtained with a 
dilute ferric chloride solution. The results are given in Table I. 


Ultraviolet Absorption Spectra 


The ultraviolet absorption spectra were taken on a Beckman spectrophoto- 
meter Model DU in the same way as previously described (2). Results are 
listed in Table I and some of the data are plotted in Figs. 1 and 2. 


Examination of Fig. 1 reveals that in neutral solution 4-n-dodecyl-3-amino- 
5-pyrazolone exhibits two absorption bands, at 2520 and 2800 A, with inten- 
sities of 3.54 and 3.45 (log E,,) respectively. 


In acid medium, the curve is shifted towards a shorter wave length. Both 
peaks are still present, but the intensity of the first one has increased to 3.85 


OAS 
| | 


330 CANADIAN JOURNAL OF CHEMISTRY. VOL. 29 


(log E») at 2360 A whereas the intensity of the other one which has not been 
displaced was lowered to 3.25 (log Em). In alkaline medium, there is also a 
hypsochromic displacement; the intensity of the first maximum is the same as 
in acid medium, but the second peak at 2800 A has completely disappeared. 


To explain these different spectra in neutral, acid, and alkaline media, one 
must keep in mind that pyrazolones may exist in many tautomeric forms; two 
of these are represented by the following formulas III and IV. 


ws RC,—:;C-NH: 
ob. 2N OC; 
1 1 
N N 
| | 
H H 
Ill IV 


Examination of these two structures reveals that the double bond in the 
heterocyclic ring may be between positions 2 and 3 or 3 and 4. According to the 
position of the double bond, spectra might be different. This point was discussed 
for 4-benzyl-3-amino-5-pyrazolone (2, 3); in that case two absorption bands of 
different intensities were obtained in neutral medium, but in acid solution only 
one appeared with a greater intensity. The 4-n-dodecyl-3-amino-5-pyrazolone 
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2400 2600 2800 3000 
WAVELENGTH (A) 


Fic. 1. Ultraviolet absorption spectra. 
4-n-Dodecyl-3-amino-5-pyrazolone (ethanol) 
--------- (0.1 N hydrochloric acid in 90% 
ethanol) 
eee (0.01 N sodium hydroxide in 90% 
ethanol) 


F 
- ‘ 
‘ 
4 
3 
3.6 
; | 
\ 
\ 
\\ 
ES 
\ 
\ 
\ 
\ 
\ 
2.8 \ 
\ 
\ 
jig. \ 
| 


GAGNON ET AL.: 4-MONOSUBSTITUTED-3-AMINO-5-PYRAZOLONES 331 


LOG Em 


2400 2600 2600 2000 
WAVELENGTH (A) 


Fic. 2. Ultraviolet absorption spectra. 
————— (ethanol) 
--------- (0.1 N_ hydrochloric 
acid in 90% ethanol) 

droxide in 90% 
ethanol) 

4-B-Phenoxyethyl-3-amino-5-pyrazolone (ethanol). 


exhibits almost the same behavior. In acid medium, there might be a mixture. 
of both forms III and IV. Moreover, in acid medium the peak at 2520 A is 
shifted to 2360 A and has a greater intensity. 


In alkaline medium, three tautomeric structures might be possible, V, VI, 
and VII. 


HO.C HO.C \ HO.C NH 
N N 
H 
V VI VII 


The hypsochromic displacement is still more pronounced than in acid me- 
dium, but the absorption intensity is the same. If the position of the maximum 
and its intensity are considered, it may be concluded that, in alkaline medium, 
the substance has the structure VII. 
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The spectra of 4-8-p-methylphenoxyethyl (Fig. 2), 4-y-p-methylphenoxy- 
propyl (Table I), and 4-8-p-ethylphenoxyethy] (Table 1) derivatives of 3-amino- 
5-pyrazolones are almost similar in neutral, acid, and alkaline media. Four 
maxima are exhibited in all the three spectra, appearing at about the same 
wave lengths. Two little peaks appear at about 2800 A and 2850 A and are 
probably due to the effect of the substituent in position 4. Similar maxima 
were already observed with the spectra of 4-8-phenoxyethyl and 4-y-phenoxy- 
propyl pyrazolones (Fig. 2), and it has been shown that the bands were due to 
the absorption of the phenoxyalkyl group (2, 3). 


In acid medium, there are three maxima in the spectra of the three pyra- 
zolones. The maxima at 2450-2500 A have disappeared. The same effect was 
observed with 4-benzyl-3-amino-5-pyrazolone (2,3). This implies the possibility 
that the three pyrazolones in acid solution might have structure IV. There is 
also a hypsochromic displacement of the curve which has been previously 
explained (2, 3, 4). 


In alkaline medium, the curves of the same three pyrazolones (Fig. 2) are 
shifted hypsochromically. Moreover, another maximum at about 2800 A has 
disappeared. The curves are similar to that of 4-8-p-chlorophenoxyethyl-3- 
amino-5-pyrazolone (Table I). Maximal intensities are the same and their wave 
lengths differ only by some 20 A. The similarity of the spectra of these three 
pyrazolones indicates that their structure is the same. 
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THE POLYMERIZATION OF STYRENE SENSITIZED BY 
ACETYL RADICALS! 


By G. L. OsBEeRG? AND D. J. LE Roy 


Abstract 


A study has been made of the polymerization of styrene in the liquid phase, 
initiated by acetyl radicals from the photolysis of diacetyl. The rate of con- 
sumption of monomer was proportional to the square root of the rate of light 
absorption; the rate of consumption of diacetyl was proportional to the first 
power of the rate of light absorption. The ratio of the rate constant for chain pro- 
pagation to the square root of the rate constant for chain termination was found 
to be 3.9 X 10° liter’? mole“/? sec.!/? at 20°C. The quantum yield of diacetyl 
consumption was 4.0 X 10°. By relating the kinetic data to the observed intrinsic 
viscosities, the exponent of the number average molecular weight in the modified 
Staudinger equation was found to be 0.65. The values of the corresponding K 
factors for homogeneous and heterogeneous polymers were 6.5 X 10 and 8.2 X 
10-3, respectively, when the assumption was made that chain termination was by 
recombination; for chain termination by disproportionation the values were 
8.7 X 10° and 12.9 X 10°, respectively, for concentrations in base moles per liter. 


Studies of the addition polymerization of vinyl compounds made by a number 
“of workers have shown the over-all process to be a chain reaction occurring in 
three stages: initiation, propagation, and termination. Various initiation pro- 
cesses have been used: thermal production of radicals from the pure monomer 
(18), thermal production of radicals from an added initiator (16), photochem- 
ical production of radicals from the pure monomer (3, 7, 15, 22), and photo- 
chemical production of radicals from an initiator (8). The photochemical tech- 
niques possess the advantage of yielding more data concerning the rate con- 
stants involved in the polymerization; with the fourth method it is often pos- 
sible to have fairly accurate knowledge of the nature of the radical which 
initiates polymerization. 


A number of investigations of the photolysis of diacetyl (21) have indicated 
that this substance undergoes a primary split into acetyl radicals, even at wave 
lengths as long as 4047 and 4358 A (1, 2). At these wave lengths diacetyl 
absorbs strongly and seemed to be well suited as an initiator for the polymeri- 
zation of styrene, which shows almost negligible absorption in this range. It 
was, accordingly, used as an initiator for the photosensitized polymerization of 
styrene in the liquid phase. 


Since this research was undertaken several papers have appeared in which 
diacetyl has been used as an initiator of vinyl polymerization. Blout and 
Ostberg (6) showed that the decomposition of diacetyl by ultraviolet light 
accelerated the polymerization of allyl methacrylate. Cohen, Ostberg, Sparrow, 
and Blout (9) showed the effective wave length to be 4000 to 4600 A, and that 
the decrease in the yellow color indicated that diacetyl was consumed in the 
process. More recently Matheson, Auer, Bevilacqua, and Hart (14) have used 
the photolysis of diacetyl to initiate the polymerization of methyl methacrylate. 


1 Manuscript received November 14, 1950. ; 
Contribution from the Department of Chemistry, University of Toronto, Toronto, Ont. 
2 Present address: Division of Applied Chemistry, National Research Council, Ottawa, Ont. 
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Experimental Methods 

Reagents 

Styrene, obtained from Polymer Corporation, Sarnia, was treated in a 
number of ways to remove impurities; the most satisfactory method was found 
to be simply a distillation under oxygen-free nitrogen at a pressure of 10 to 14 
mm., taking the middle third. The distillate was transferred, under nitrogen, 
to the flask G; of Fig. 1, where it was frozen, pumped, melted, and distilled 
back and forth a number of times between G; and G». Care had to be taken to 
exclude oxygen, as it not only increased the light absorption but affected both 
the thermal (dark) and photochemical rates. 


= ORY 
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4 4 a > 4 
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Fic. 1. Apparatus used to prepare the solutions and fill the dilatometer cells. 


The effect of oxygen on the light absorption of styrene is shown in Fig. 2. 
The extinction coefficient € is defined by the relation J7= J)10~“, where / is 
the path length in centimeters. Pure oxygen-free styrene was used in the refer- 
ence cell and measurements were made on a Beckman ultraviolet spectrophoto- 
meter. Curve A was obtained with a sample through which air was bubbled for 
one-half hour; Curve B, for a sample through which oxygen was bubbled for 
10 min.; Curve C was obtained after bubbling pure nitrogen through sample B 
for one hour. It is apparent that not all of the light-absorbing complex can be 
removed by nitrogen. 


Diacetyl, obtained from Eastman, was refluxed under nitrogen and then 
distilled through a Vigreux column. It was then transferred, under nitrogen, 
to the storage bulb C (Fig. 1) where it was thoroughly degassed and isolated 
by the mercury cutoff D. In the later experiments the storage bulb was kept at 

‘Dry Ice temperature. The purified diacetyl had a boiling range of 88.5° to 
89.2°C. 
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Wave length, millimicrons 
Fic. 2. Effect of oxygen on the light absorption of liquid styrene. (A) Air bubbled through 
sample for one-half hour. (B) Oxygen bubbled through sample for 10 min. (C) Nitrogen bubbled 
through Sample (B) for one hour. The extinction coefficient € is defined by the relation I7p= 


I,10-*', where 1 is the path length in centimeters. All measurements were made relative to pure 
air-free styrene. 


Nitrogen was purified by passing it through Fieser’s solution (10), lead 
acetate solution, concentrated sulphuric acid, and finally over Drierite. 


Preparation of Solutions 

The diacetyl was measured in the gas phase. By freezing the material in the 
storage volume C, lowering the mercury in the cutoff E to the required point 
and then allowing the diacetyl in C to warm up, vapor could be admitted to 
one or more of the calibrated volumes. The mercury in the cutoff D was then 
raised, the diacetyl in C frozen with liquid air, and the pressure of the vapor 
in the calibrated volumes read on the cutoff D. The measured volume of 
diacetyl was then condensed onto the weighed, degassed styrene in G2 through 
the cutoff F. This cutoff was then closed, and compressed air was admitted to 
its reservoir to raise the mercury level to a height which would permit a pres- 
sure differential of over 1 atm. between its two arms. Nitrogen at atmospheric 
pressure was then admitted through 1, 6, H, 2, 4, 4’, 4’, and 4’”’. The solution 
was kept at Dry Ice temperature until ready for filling the cells. 


Filling the Cells 

The temperature of the diacetyl-styrene solution in G2 was adjusted to 20°C. 
and the nitrogen pressure in the manifold adjusted until it bubbled out through 
K. With stopcocks 1, 2, 3, 6, and 4”’ open and 4’, 4’”’, 5 and 5’ closed, the dilato- 
meter cell J; was filled by partly closing 2. This displaced some of the solution 
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into J;. When sufficient solution was added to the dilatometer the flow was 
stopped by opening 5 and 2. The dilatometer was kept at 20°C. during the 
filling operation. The other dilatometer, J2, and the sample bulb I; were filled 
with solution in the same manner. Before sealing these off at the constrictions 
and removing them from the filling system by breaking off the tubes above the 
stopcocks 4’, 4”, and 4’, the connecting lines were cleared of solution by 
closing 3 and passing nitrogen through them and out through Gi, the cap of 
which was loosened slightly. The sample bulb I, was previously filled with pure 
styrene in the same manner as described for the solution. 


The Dilatometer Cells 

The polymerization was followed by measuring the decrease in volume of the 
solution. The dilatometer cells, shown as J; and J» in Fig. 1, were Pyrex 
cylinders 47 mm. in diameter with plane parallel Pyrex windows 15 mm. apart 
inside. Two capillary tubes were attached as shown and extended 33 cm. above 
the top of the cell. Each tube had an engraved line at the top. Changes in liquid 
height were measured with reference to these lines by means of a mirror scale. 
The volume of each cell was approximately 25 cc.; the smallest capillary used 
was 0.74 mm. in diameter, the largest, 1.10 mm. The volumes of the cells and 
the volumes per unit length of capillary were calibrated with mercury. For 
most of the experiments the dilatometers were kept in a water bath at 20.00 + 
0.03°C. Allowance was made for the portion of the capillaries outside the 
thermostat. 


Optical Arrangement 

A UA-2 250 w. Uviarc was used as the light source. The slowness of the 
reaction made it impossible to use a collimated beam. The arc was placed close 
to the water bath, 6 cm. from the front face of the cell. Corning filters, used to 
obtain monochromatic light, were placed inside the water bath in a brass sup- 
port which also held the cell in a reproducible position. The cell was kept dark 
by means of a shutter until the light from the lamp had reached a constant 


intensity. 


Actinometry 

The light intensities were measured by photolysing uranyl oxalate — oxalic 
acid solutions in the dilatometer cells. The intensities incident on the front face 
of the cell solution for various filter combinations are given in Table I. 
Each tabulated value of the light intensity is the average of three determin- 
ations. The mean deviations were all less than 2%. The greatest source of error 
was in the determination of the percentage of light absorbed by the actino- 
meter solution. The values were determined on the Beckman instrument, 
5.0% at 4358 A, 5.9% at 4047 A. 


Determination of Diacetyl in Diacetyl—Styrene Solutions 
The concentration of diacetyl in the original solution was obtained from 
transmission measurements on the sample which was displaced into the bulb I, 
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TABLE I 


INCIDENT LIGHT INTENSITIES 


Wave length Corning filter Intensity, 
A number einsteins cm. hr.“! 
4047 3060 + 4308 + 5970 3.71 X 10-* 
4358 5113 + 3389 19.4 xX 10° 
4358 2 X 5113 + 2 X 3389 3.07; X 10-* 
4358 + 4047 3060 84.5 xX 


during the filling operation. Values were obtained for 422 and 436 my. The 
solutions were found to obey Beer’s law over the range 0.07 to 3.2 gm. per liter; 
pure styrene, from bulb 1; was used as the reference solution. The extinction 
coefficient a in the expression Jr= J) 10~°°', where c is the concentration in 
moles per liter and / the path length in centimeters, was evaluated by two 
methods: (1) weighing the diacetyl, (2) estimating the weight by the gas volume 
method described above. By the weight method a was found to be 23.7 at 422 
my, 21.0 at 436 my; by the volume method, 23.6 and 21.2, respectively. The 
probable error by the volume method was somewhat greater and in practice 
initial diacetyl concentrations were found by the light transmission method 
using the values 23.7 and 21.0 for a. 


Determination of Diacetyl in Solutions Containing Polystyrene 


In order to determine the diacetyl consumed during an experiment it was 
necessary to obtain its concentration in solutions containing polystyrene as well 
as styrene. Smakula (19) has shown that polystyrene solutions obey Beer’s law, 
at least under the conditions used by him, and it was assumed that, relative to 
pure styrene, the absorption of a solution containing styrene, diacetyl, and 
polystyrene would be given by the expression log Jo/J7= acl + bc’l, in which 
a, c, and / are as defined previously and b and c’ are, respectively, the extinction, 
coefficient and concentration (in grams per liter) of the polystyrene in the 
solution. Values of 6 were determined for each experiment by evaporating a 
portion of the final solution until a constant (maximum) transmission was 
obtained. This usually required the evaporation of 1/3 to 1/2 of the styrene. 
The polymer content was determined by analysis, as described below. The 
correction required as a result of the absorption by polymer, while small by 
’ comparison with the absorption by diacetyl, was quite significant in deter- 
mining changes in diacetyl concentration. 


Determination of Polystyrene 

The amount of polymer formed during an experiment was determined by 
pumping down a 5 gm. sample until the diacetyl and the bulk of the styrene 
had been removed, leaving a thin layer of residue. The remaining volatile 
matter was removed by the method of Lewis and Mayo (13). The residue was 
dissolved in benzene and the solution frozen with Dry Ice: The frozen solution 
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was then immersed in an ice—water mixture and pumped until only the spongy 
residue remained. This was pumped at room temperature until a constant 
weight was obtained. The agreement between duplicate samples was within 
a fraction of 1%. 


Relation Between Volume Changes and Polymer Formation 

It was found experimentally that there was a linear relation between the 
weight per cent of polymer and the per cent change in volume as determined 
by the dilatometers. The average of five determinations gave 

Wt % polymer = 100AV/V X 6.20 + 0.12 (1) 

Linear relations were also found by Starkweather and Taylor (20) and by 
Schulz and Harborth (17) for the liquid phase polymerization of methyl metha- 
crylate. Goldfinger and Lauterbach (12) measured the densities of styrene- 
polystyrene solutions but reported their results in the form of a graph showing 
no experimental points. The value of the factor calculated from their graph is 
5.9. Our value of 6.2 was used in the calculations of this paper. 


Any change in monomer concentration is readily calculated from the volume 
change. Thus, if [.1/] is the concentration of monomer in moles per cubic centi- 
meter, V’ is the volume of the final solution, f the molecular weight of the 
monomer, and m and p are the weights, in grams, of the monomer and polymer, 
respectively, then 

—Am/(m + p)= p/(m + p)= 6.20 AV/V, 
or —A[M] = —Am/(fV’) = (1/fV’) 6.20 (m + p)AV/V. (2) 
For the small conversions obtained in this work the quantity (m + p)/V’ may 
be taken to be the density of styrene at 20°C., 0.907. 
Hence —A[M] = 5.40 X 10-°AV/V. (3) 


Results 

Effect of Dissolved Air 

Comparison experiments showed that dissolved air had a positive catalytic 
effect on the photosensitized polymerization of styrene alone, and on both the 
thermal (dark) and photosensitized polymerization of diacetyl-styrene solu- 
tions. These photochemical experiments were done with a wave length of 
4047 A. The impurity introduced as a result of contact with air (presumably 
a peroxide) appeared to be consumed during polymerization. One of these 
solutions had an initial thermal rate of 10 X 1077 mol. cc.~' hr.~, but after 
illumination for three hours the subsequent thermal rate was 3.2 K 1077. 


Typical Photosensitized Polymerization 

Two dilatometer cells were filled with the same solution, as described above. 
Both were placed in the thermostat but one was kept darkened in order to 
obtain the thermal rate. In Fig. 3 is shown a plot of volume change against 
time for a typical photosensitized polymerization. The sudden increase in 
volume (a) on illumination corresponded to an increase in temperature of 
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Fic. 3. Relative volume change vs. time for a typical experiment. 


approximately 0.2°C. The decrease in volume on cutting off the light (c) was 
not as abrupt, although of about the same magnitude. In other experiments, 
in which the rate of light absorption was greater, c was considerably greater 
than a. This was undoubtedly the result of the “after effect’’, studied by 
Bamford and Dewar (3). However, the difficulty of disentangling this from the 
thermal effect made further study of this phenomenon unprofitable. 


The absence of an induction period indicates that inhibiting impurities were 
removed. The rate calculated from the linear portion of Fig. 3 corresponded to 
a monomer consumption of 2.68 X 1075 mol. cc.~! hr.—!. The corresponding 
thermal rate from the darkened cell was 1.2 X 1077. 


Effect of Light Intensity of the Rate of Polymerization 


The absorbed light intensity depends on both the incident light intensity 
and the diacetyl concentration.* Both of these quantities vere varied. The 
most extensive measurements were made with monochromatic light of wave 
length 4358 A. Fourteen experiments were performed with different diacetyl 
concentrations, ranging from 0.14 to 19.4 millimoles per liter, and with an 
initial incident light intensity 19.4 K 10~* E. cm.~? hr.~'. In the case of seven 
of these the experiment was interrupted after the rate had been established 


* The absorbed light intensity, Iq is given by the expression Iq= (Io/l)(1 — 10-%), in which Io 
is the light intensity incident on the front face of the solution in einsteins cm. hr, l is the length 
of the cell in centimeters, a is the extinction coefficient defined previously, and c is the concentration 
of diacetyl in moles per liter. It is clear that Ig may be varied by changing either Io or c. 
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and was continued again with an incident light intensity of 3.0; X 10~®. In all, 
the average rate of light absorption, J,, was varied from 1.32 X 1077 to 98.9 X 
10°* E. hr.. 

As can be seen from Fig. 4, the rate of polymerization is proportional to 
I,. This is in contrast to the polymerization of vinyl acetate photosensitized 
by benzoyl peroxide (8), where the exponent of 7, approached unity as the 
benzoyl peroxide concentration increased. The value of & in the observed rate 
expression 

—d[{M)/dt = (4) 
was 5.8 + 0.6 X 107% for 4358 A. The average value of & for four experiments 
with 4047 A was 6.6 + 0.6 X 107%. The difference between the values for the 
two wave lengths is scarcely significant. 
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Fic. 4. Relation between rate of polymerization and absorbed light intensity. 


Effect of Light Intensity on the Rate of Diacetyl Consumption 


These measurements were difficult because of the small changes encountered, 
as well as the absorption of light by the polymer. The corrections for polymer 
absorption were made as described above. To obtain the maximum rate of 
change of diacetyl concentration, five experiments were made using the com- 
bined wave lengths, 4047 and 4358 A (v. Table I). In addition, two experiments 
were made with a single set of 4358 A filters. The diacetyl concentrations were 
determined during each experiment by removing the cell and measuring the 
transmission at 436 or 422 my on the Beckman spectrophotometer. 


The effect of the absorbed light intensity on the rate of diacetyl consumption 
is shown in Fig. 5. The crosses are the values obtained when no correction for 
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I, x 10° €&/cc/hr. 


Fic. 5. Relation between rate of consumption of diacetyl and light intensity, with (circles) and 
without (crosses) correction for absorption by polymer. 


- absorption by polymer was made; the circles are the corrected values. For the 
two lowest light intensities (monochromatic 4358 A) the values of I, were 
calculated from the expression 

I,= (10/1) (1 (5) 
in which [Do] is the initial concentration of diacetyl and / is the length of the 
cell, 1.53 cm. For the dichromatic light, 4047 A accounted for 31.2%, 4358 A 
for 68.8% of the incident light intensity, and hence — 

(Io/l) (0.688(1 — + 9.312(1 — 10-2 oly » | (6) 
“'though the values of J, in Fig. 5 are for the initial conditions they suggest 
that the rate of consumption of diacetyl is directly proportional to the absorbed 
light intensity, i.e., that 

= (7) 


An approximate value of ¢ may be obtained from Fig. 5; a more accurate 
value can be obtained by integrating (7) over the duration of each experiment. 
For the monochromatic light the expression is 

= 1/Iot ((Do]— + 1/(21.0 Zot) log (1— /(1— (8) 
The expression for the dichromatic light is more complicated and will not be 
given here. The mean value of ¢ obtained was 4.0 X 10~* mole of diacetyl 
consumed per einstein absorbed, with a mean deviation of 0.6 X 107%; the 
value corresponding to the slope of Fig. 5 is 4.3 XK 107%. 


Interpretation of Results 


The results may be interpreted on the basis of the following mechanism, in 
which D represents a diacetyl molecule, M a styrene molecule, A an acetyl 
radical, X; a polymeric free radical and Q; a stable polymer molecule. 
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Initiation D+hv = 2A 

A +M =X, 
Propagation Xi+ M = Xin kp 
Termination Xe = k, 

or da + » = Q, + On 
From the usual steady-state relations it is seen 

that [A] = 267./(k{M]) (9) 
and that [X] = (207,/k,)'?, (10) 


in which [X] = [Xi]. 


For long chains the rate of monomer consumption would be given by the 
expression 


—d[M]/dt = k,[M][X] = (11) 
The predicted rate of diacetyl consumption would be 
—d[D]/dt = (12) 


Under the experimental conditions the /ocal rate of light absorption, J,, can 
be assumed to be identical with the average rate of light absorption, J,. Fur- 
ther, if it can be assumed that the only reaction leading to diacetyl consumption 
is the dissociation into radicals then @ = @ = 4.0 X 107° and k,/ks!/?= 


= 7.45 cc.’? mole”? 
(2 X 4.0 X 107%)" 
= 3.9 X 10° liter’? mole’? sec.~!”?. (13) 


From the data of Bamford and Dewar (3) k,/k;'/* was equal to 1.12 K 107? at 
25°C., 5.1 XK 107? at O°C., for the polymerization of styrene alone. 


The above mechanism is in agreement with the observation (Fig. 4) that 
the only effect of diacetyl concentration on the rate of polymerization is in 
determining the rate of acetyl radical formation, i.e., the rate of initiation. 
Several interpretations of the low value of @ may be offered. (1) Excited diacetyl 
molecules are deactivated by collision. In this case 6 would be equal to the ratio 
of the probability of dissociation to the probability of (dissociation + deac- 
tivation). (2) The quantum yield for the dissociation reaction is unity, but 
diacetyl is re-formed by association of acetyl radicals. This, however, would 
lead to a rate of polymerization proportional to J,!/*, whichis contrary to 
experiment. (3) The possibility that diacetyl undergoes predissociation by 
collision is not in disagreement with the results. 


Molecular Weight Distribution 


Gee and Melville (11) and Bawn (5) have worked out the distribution func- 
tions for a number of different mechanisms. The chain length distribution 


’ corresponding to the mechanism outlined above was evaluated first for the 


case of chain termination by recombination. 
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If [M,] is the concentration of polymer of chain length 7, it is seen that 


with r — 1 terms in the summation. Under steady state conditions 
[Xj] = [Xi] and [X,-j] = [Xa] (15) 
where g = [Xj]/[Xj-1] = Rp[M]/(kp[M] + (16) 
Also, under steady-state conditions, 
[Xi] = + &.[X]), (17) 
and [X] = | (10) 


Making these substitutions, and noting that 
d{M,]/— d{M] = (d[M,]/dt)/(— d[M]/dt), 
it follows that 
[M,]/—A[M] = d[M,]/—d[M] = 1/2(r — 1)6(1 + (18) 
in which the function 6 is equal to (207,k,)'?/(Rk,[M]). Equation (18) shows the 
strong dependence of chain length distribution on J,. The calculated distri- 


- bution for one of the experiments, for which 6 was equal to 3.4 X 107%, is shown 
in Fig. 6. 


/- x 107 


500 1000 1500 


Chain length, r 


Fic. 6. Calculated chain length distribution for 6 = 3.4 X 10 and chain termination by 
recombination. 


Photo-initiation by diacetyl could, on the basis of this mechanism, be used 
to prepare polymers of any required average molecular weight. The number 
average chain length, 7,, is given by the relation 


_ _ 
= 2/6. 


(19) 
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2 
The weight average, 7». = 2LrmiM-l 3/6, (20) 
(—A[M])mo 
in which mp is the molecular weight of the monomer. If chain termination is 
by disproportionation the corresponding values of 7, and 7, are 1/6 and 2/6, 


respectively. 


Intrinsic Viscosity of the Heterogeneous Polymer 


From the distribution function (18), and a knowledge of the appropriate 
constants in the expression for the intrinsic viscosity it should be possible to 
predict the intrinsic viscosity for any experimental condition. Agreement with 
observed values might then be assumed to confirm the kinetic mechanism. 


Using the modified Staudinger equation, the intrinsic viscosity of a homo- 
geneous polymer of molecular weight m, is given by the relation 
[n] = (21) 
If w, is the weight of polymer of chain length 7, the intrinsic viscosity of a 
heterogeneous polymer would be 


 KOmsw, (22) 
in] = 


Lu, 


Substitution from (18) gives 
Km, ret (ry — 1) (1 + 8)" 


The solution of (23), since 6 < 1, is 
[n] = (a + 3)/26, (24) 
in which ['(a + 3) is the gamma function of (a + 3). 


(23) 


[n] = 


From (19), the number average molecular weight is 2/5 = Mn, and hence 
the intrinsic viscosity of a heterogeneous polymer formed by this mechanism 
is given by the relation 


[In] = K’m,, (25) 
where K’= KI(a + 3)/2**. Bamford and Dewar (4) have derived the rela- 
tion between K’ and K for a number of different mechanisms. 


The values of [y] calculated from Equation (24) or (25) will be strongly 
dependent on the value of a, less so on the value of K or K’. Bamford and 
Dewar (4) have tabulated some of the values of a found in the literature for 
different polymers. In their own work they found a to be close to 0.65, and'!K 
equal to 3.04 X 107% (for concentrations in base moles per liter) at 25°C., using 
toluene as the solvent. They used the method of end-group analysis to obtain 
m, and calculated K from the relation between K and K’ appropriate to their 
mechanism. From Equations (19) and (25) it is clear that for a series of 
different light intensities log [n] should be a linear function of log 6 with slope 
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—a and intercept log K’+ log (2mp)*. The results of a number of experiments 
were plotted in this way but it was found that the points could not be fitted 
to a straight line. This was traced to the fact that the viscosity determinations 
were made 24 hr. or more after the termination of the photolysis, and, although 
the amount of polymerization which took place in the interval was quite small, 
the high molecular weight of this thermal polymer had a large effect on the 
intrinsic viscosity. In the case of three experiments, viscosity determinations 
were made immediately after the end of the photolysis, using styrene as the 
solvent. The data for these are given in Table II. 


TABLE II 


DEPENDENCE OF [7] on 6 


Expt. | 6 xX 108 | m,X 10° Inloos 
20 3.4 61.3 10.4 
21 1.8 115.7 16.7 


* Concentrations in base moles per liter. 


For these experiments log [y] was a linear function of log 6, from which a was 
found to be 0.65 and K’ to be 8.2 X 107%. The corresponding value of K is’ 
6.5 X 107%. 


If chain termination is by disproportionation the relation between [ny] and 
m,, takes the form 
[n] = K’m,*, (26) 
in which K’’= KT(a + 2). The value of K’”’ was found to be 1.29 X 107°; the 
corresponding value of K is 8.7 X 107~*. Although the value of K based on the 
assumption that chain termination occurs by recombination is closer to that 
of Bamford and Dewar, it is not felt that the present work can be interpreted 
as favoring either termination mechanism. The close agreement in the value 
of a is of some interest, for although both sets of measurements are based on 
the validity of kinetic mechanisms, the polymerization reactions were entirely 
different. Bamford and Dewar (4) produced their polymer thermally, using 


. benzoy! peroxide as the catalyst and carbon tetrachloride as a solvent. Through 


chain termination and chain transfer each polymer molecule was assumed to 
contain four chlorine atoms. The average molecular weights were obtained by 
chlorine analysis, and ranged from 4850 to 44,000. 
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